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“PREFACE 


hree fantastic comets have trekked the sky 

since the last edition of this book. Comet Hale- 
Bopp—the best and the brightest!—still glorifies 
the evening skies of New Mexico as we write this 
preface. Once again, astronomy surprises and de- 
lights professionals as well as the general public. If 
we were not enchanted by the cosmos, we would 
not have become career astronomers! 

We have written this book to-convey the con- 
tent and outlook of modern astronomy and astro- 
physics to the serious science student. By this, we 
mean an undergraduate with no formal back- 
ground in astronomy who is willing to combine 
basic mathematical skills (trigonometry, algebra, 
and calculus) with a solid knowledge of physics. 
(We assume that this physics background includes 
electromagnetism as well as mechanics at the level 
that uses calculus.) Our ideal student is eager to 
use these intellectual tools to broaden his or her 
understanding of the contents and structure of the 
Universe. This slant requires the frequent and con- 
sistent use of physical concepts that pertain to as- 
tronomical entities and situations. In this edition, 
we have tried to integrate physical intuition and 
reasoning as they apply to astrophysics. 

To make bold this emphasis on the physics of 
astrophysics, we have introduced a new feature: the 
Physics Prelude. Here we tour the key physical con- 
cepts before we get to the main body of the book. 
Our goal in the Prelude has been to make the uni- 
fying physics as clear and concise as possible. Since 
we intend the Prelude to be very concise, it con- 
tains references to the main text for a more com- 
plete discussion of terms, applications, and illustra- 
tions. The regular text entwines these ideas as we 
travel the Universe known to contemporary astron- 
omy and astrophysics. We intend the Prelude to 
serve as a preorganizer of physical concepts before 
you take the cosmic voyage. 


The main text follows a traditional Earth-out 
approach, which has the advantage of starting out 
with the familiar and moving to the fantastic. These 
realms differentiate the four parts of the book: Part 
One, The Solar System; Part Two, The Stars; Part 
Three, The Milky Way Galaxy; and Part Four, The 
Universe. Within the context of Part One, we re- 
introduce and apply many basic physical concepts, 
especially those of mechanics. We also examine the 
planets as places that have evolved since the origin 
of the solar system. In Part Two, we proceed to the 
essential concepts about light and its remote sens- 
ing by astronomers. We then examine the light of 
a special star, the Sun, which serves as a model for 
other stars. In Part Three, we explore the local con- 
glomerate of stars—the Milky Way Galaxy—whose 
structure and evolution rest so heavily on the stars 
that make it up. The Galaxy also serves as a model 
for our understanding of other galaxies. Then in 
Part Four we turn to the distant Universe, the 
grandest scale possible, to examine its contents and 
evolution. 

Along with bringing the material up-to-date, 
we have enhanced the book’s usefulness as a learn- 
ing tool. Each chapter now includes a Concept Ap- 
plication in which we give a specific example of a 
physical or astronomical idea. You will find a list 
of Key Equations and Concepts at the end of most 
chapters. And we have added new problems and 
clarified some of the older ones in the Problems 
sections. 

In Part One, we continue to emphasize the con- 
cept of comparative planetology as a technique to 
probe the evolution of the planets. Material on the 
origin of the Solar System has been integrated with 
information on the many small bodies that give 
crucial clues as to how the Solar System formed. 
Part Two updates telescopes and detectors; of 
course, the Hubble Space Telescope plays a major 
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role. We do not dwell on the technology as such; 
rather, we emphasize the purposes of observations. 
Part Three has been restructured so that material 
on starbirth and the interstellar medium falls 
before that of stellar evolution and stardeath. 
Part Four has undergone a substantial revision to 
reflect the growth of extragalactic astronomy and 
cosmology. 

The chapter-end problems serve as a crucial 
learning opportunity. We expect that they will 
challenge the students and deepen their under- 
standing of the material in the chapter. Some of 
these problems were provided by Alan P. Marscher 
of Boston University; others by Tom Balonek of 
Colgate University. The Instructor’s Manual for this 
book, by Tom Balonek and Paul Heckert, provides 
detailed solutions to the problems. 

A word about units. Generally, we use SI 
rather than the traditional cgs units. Why? First, SI 
units are the international standard; we should fol- 
low it, as teachers. Second, many students will 
have had physics courses, where such units are 
standard. Following the same units will cause less 
confusion. Third, the International Astronomical 
Union (of which we are members) has urged all 
astronomers to change over to SI. We will confess, 
however, that in some areas we have used units of 
convenience rather than SI ones—such as atmo- 
spheres for atmospheric pressure. And we could 
not avoid parsecs! 

We expect that instructors will use this book 
for one-year (two-semester) course sequences, per- 
haps with some additional materials. For a one-se- 
mester course, the selection is best left up to the 
instructor. We urge that the Physics Prelude be in- 
cluded, because it contains so much of the basic 
physical concepts. 


We received special help from the following 
colleagues in this and earlier editions: Jack Burns, 
New Mexico State University; Tom Balonek at Col- 
gate University; Richard Teske of the University of 
Michigan; Alma Zook at Pomona College; Alan 
Marscher, Boston University; Alan Bentley, Eastern 
Montana College; Roger Chevalier, University of 
Virginia; Robert E. Eplee, Jr., University of Arizona; 
Bill Tifft, University of Arizona; John G. Campbell, 
U.S. Military Academy; Paul Bradley, the Univer- 
sity of Texas, Austin; David Bruning of the Uni- 
versity of Louisville; Virginia Trimble of the Uni- 
versity of Maryland and University of California, 
Irvine; Lawrence Pinsky, University of Houston; 
and W. Osborn. Special thanks for comments on 
this edition go to John Cowan, the University of 
Oklahoma; James N. Douglas, the University of 
Texas, Austin; Irene Engle, U.S. Naval Academy; 
James Jackson, Boston University; John Kolena, 
Duke University; Curtis Struck, Iowa State Univer- 
sity; and Peter A. Wehinger, Arizona State 
University. 

Finally, we must thank Elske v. P. Smith, one 
of the original authors, for laying down the foun- 
dation on which we have built this edition. 

We are responsible for any errors that you find. 
Please send them to Michael Zeilik. Small changes 
and corrections can be made in future printings of 
this edition. 


Michael Zeilik and Stephen A. Gregory 
Department of Physics and Astronomy 
The University of New Mexico 
Albuquerque, New Mexico 87131 
Internet: zeilik@chicoma.la.unm.edu 


Brooks/Cole may provide complimentary instructional aids and supplements or supplement packages to 
those adopters qualified under our adoption policy. Please contact your sales representative for more in- 
formation. If as an adopter or potential user you receive supplements you do not need, please return them 
to your sales representative or send them to 
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465 South Lincoln Drive 
Troy, MO 63379 


CONTENTS OVERVIEW 


Preface 


Part P 
Prelude P-1 


P1 Orbits in the Solar System P-2 

P2 Orbits Outside of the Solar System P-9 
P3 Special Relativity P-14 

P4 Particles and Forces P-17 

P5 Stars P-20 

P6 Radiation Processes P-28 

P7 Cosmology P-32 


Part ] 
The Solar System 1 


Celestial Mechanics and the Solar System 2 

The Solar System in Perspective 20 

The Dynamics of the Earth 35 

The Earth-Moon System 53 

The Terrestrial Planets: Mercury, Venus, and 
Mars 79 


OPP WNP 


6 The Jovian Planets and Pluto 100 

7 Small Bodies and the Origin of the Solar 
System 118 

Part J] 

The Stars 151 


8 Electromagnetic Radiation and Matter 152 

9 Telescopes and Detectors 179 

10 The Sun: A Model Star 200 

11 Stars: Distances and Magnitudes 224 

12 Stars: Binary Systems 235 

13 Stars: The Hertzsprung-Russell Diagram 251 


Part ]]] 
The Milky Way Galaxy -271 


14 Our Galaxy: A Preview 272 

15 The Interstellar Medium and Star Birth 284 
16 The Evolution of Stars 310 

17 Star Deaths 332 

18 Variable and Violent Stars 352 

19 Galactic Rotation: Stellar Motions 380 

20 The Evolution of Our Galaxy 393 


Part IV 
The Universe 413 


21 Galaxies Beyond the Milky Way 414 

22 Hubble’s Law and the Distance Scale 433 
23 Large-Scale Structure in the Universe 446 
24 Active Galaxies and Quasars 465 

25 Cosmology: The Big Bang and Beyond 488 
26 The New Cosmology 503 


Comet Update 


Appendices 


. The Messier Catalog A-1 

. Constellations A-4 

. Solar System Data A-7 

. Stellar Data A-10 

Atomic Elements A-13 
Conversion of Units A-15 
Constants and Units A-17 

The Greek Alphabet A-19 

. Mathematical Operations A-20 
. The Celestial Sphere A-32 


SCOMNDUPRWNE 


a 


Glossary G-! 
Index = J+] 


vii 


CONTENTS 


Preface 


Part P 
Prelude P-1 


P1 Orbits in the Solar System P-2 

P1-1 Kepler’s Laws P-2 

P1-2. Newton’s Laws P-2 

P1-3 Vectors P-3 

P1-4 Time Derivatives P-4 

P1-5 Spatial Derivatives P-4 

P1-6 Momentum and Energy P-5 

P1-7. Angular Momentum P-5 

P1-8 The Two-Body Problem P-6 

P1-9 Real Orbits P-8 

P1-10 Relativistic Corrections and the Real 
World P-8 


P2 Orbits Outside of the Solar System P-9 
P2-1 Spherical Gravitating Systems P-9 
P2-2. Circular and Escape Velocities P-9 
P2-3. A First Model of a Spiral Galaxy P-9 
P2-4 Resonances P-11 

P2-5 The Virial Theorem P-12 

P2-6 Relaxation Time P-12 

P2-7 Violent Relaxation P-13 


P3 Special Relativity P-14 

P3-1 The Michelson-Morley Experiment P-14 

P3-2. The Galilean and Lorentz Transformations 
P-14 

P3-3. Length Contraction and Time Dilation 
P-15 

P3-4 Scalar Invariance of Spacetime Travel P-15 

P3-5 Addition of Velocities P-15 

P3-6 Relativistic Doppler Shift P-16 

P3-7_ Mass, Energy, and Momentum P-16 


P4 Particles and Forces P-17 
P4-1_ Introduction P-17 

P4-2. Bosons and Fermions P-17 
P4-3. Leptons P-18 


P4-4 Quarks P-18 
P4-5 Mediators and Forces P-18 
P4-6 Hadrons P-19 


P5 Stars P-20 
P5-1 Introduction P-20 
P5-2 Hydrostatic Equilibrium P-20 
P5-3__ Relativistic and Nonrelativistic Stars P-21 
P5-4 Free-Fall P-22 
P5-5  StellarOrigins:GravitationalCollapse P-22 
P5-6 Estimates of the Internal State of the 
Sun _ P-23 
P5-7_ Nuclear Reactions P-23 
P5-8 Power Considerations P-24 
P5-9 The CNO Cycle P-25 
P5-10 The Diffusion of Radiation P-25 
P5-11 Solar Neutrinos P-25 
P5-12 Red Giants P-26 
P5-13 The Status of Electrons in Stars P-26 
P5-14 Equations of State P-27 


P6 Radiation Processes P-28 

P6-1 Introduction P-28 

P6-2 Intensity P-29 

P6-3. Planck Radiation P-29 
P6-4 Cyclotron Radiation P-30 
P6-5 Synchrotron Radiation P-30 


P7 Cosmology P-32 

P7-1 General Relativity P-32 

P7-2. The Robertson-Walker Metric and 
Solutions P-35 

P7-3. The Thermal History of the Universe P-36 

P7-4 Curvature P-37 


Part ] 
The Solar System 1 
1 Celestial Mechanics and the Solar System 2 


1-1 The Historical Basis of Solar System 
Models 4 


x Contents 


1-2.‘ Planetary Orbits 7 
1-3 Newton’s Mechanics 10 
1-4 Newton’s Law of Universal Gravitation 


12 

1-5 Physical Interpretations of Kepler’s Laws 
14 

Concept Application: Angular Momentum and 
Orbits 15 


Key Equations & Concepts 18 
Problems 19 


2 The Solar System in Perspective 20 

2-1 Planets 20 

2-2 Moons, Rings, and Debris 27 

2-3. Mechanics Applied to the Solar System 
30 

Concept Application: Least-Energy Orbits 33 

Key Equations & Concepts 33 

Problems 33 


3 The Dynamics of the Earth 35 

3-1 Time and Seasons 35 

3-2 Evidence of the Earth’s Rotation 39 

3-3 Evidence of the Earth’s Revolution About 
the Sun 42 

3-4 Differential Gravitational Forces 44 

Concept Application: Tidal Forces 49 

Key Equations & Concepts 51 

Problems 51 


4 The Earth-Moon System 53 

4-1 Dimensions 53 

4-2 Dynamics 54 

Concept Application: Synodic and Sidereal 
Periods 54 

4-3 Interiors 56 

4-4 Surface Features 59 

4-5. Atmospheres 67 

4-6 Magnetic Fields 70 

4-7 The Evolution of the Earth-Moon System 
74 

Key Equations & Concepts 77 

Problems 77 


5 The Terrestrial Planets: Mercury, Venus, and 
Mars 79 

5-1 Mercury 79 

5-2 Venus 85 

Concept Application: Central Pressure of a Planet 
86 

5-3 Mars 91 

5-4 | Comparative Evolution of the Terrestrial 
Planets 96 


Key Equations & Concepts 98 
Problems 98 


6 The Jovian Planets and Pluto 100 

6-1 Jupiter 100 

6-2 Saturn 106 

6-3 Uranus 109 

6-4 Neptune 112 

Concept Application: Planetary Temperatures 
112 

6-5 Pluto and Charon 113 

Key Equations & Concepts 116 

Problems 116 


7 Small Bodies and the Origin of the Solar 
System 118 

7-1 Moons and Rings 118 

Concept Application: Europa and Atmospheric 
Escape 122 

7-2 Asteroids 132 

7-3. Comets 135 

7-4 Meteoroids and Meteorites 139 

7-5 Interplanetary Gas and Dust 142 

7-6 The Formation of the Solar System 143 

Key Concepts & Equations 148 

Problems 149 


Part J] 
The Stars 151 


8 Electromagnetic Radiation and Matter 152 

8-1 Electromagnetic Radiation 152 

8-2 Atomic Structure 158 

8-3 The Spectra of Atoms, Ions, and Molecules 
164 

8-4 Spectral-Line Intensities 166 

8-5 Spectral-Line Broadening 169 

Concept Application: Doppler Broadening 169 

8-6 — Blackbody Radiation 170 

8-7 The Transfer Equation 173 

Key Equations & Concepts 176 

Problems 177 


9 Telescopes and Detectors 179 

9-1 Optical Telescopes 179 

Concept Application: Telescopes 181 

9-2. Invisible Astronomy 183 

9-3 Detectors and Image Processing 189 

9-4 Spectroscopy 192 

9-5. The New Generation of Optical Telescopes 
196 


Key Equations & Concepts 198 
Problems 198 


10 The Sun: A Model Star 200 

10-1. The Structure of the Sun 200 

10-2. The Photosphere 201 

10-3. The Chromosphere 207 

10-4 The Corona 210 

Concept Application: Energy Density 213 
10-5 The Solar Wind 213 

10-6 Solar Activity 215 

Key Equations & Concepts 222 

Problems 222 


11 Stars: Distances and Magnitudes 224 

11-1 The Distances to Stars 224 

11-2. The Stellar Magnitude Scale 226 

Concept Application: Magnitudes and Fluxes 
226 

11-3. Absolute Magnitude and Distance 
Modulus 227 

11-4 Magnitudes at Different Wavelengths 227 

Key Equations & Concepts 233 

Problems 233 


12 Stars: Binary Systems 235 

12-1 Classification of Binary Systems 235 

12-2. Visual Binaries 236 

Concept Application: Kepler’s Third Law 238 

12-3. Spectroscopic Binaries 239 

12-4 Eclipsing Binaries 242 

12-5 Interferometric Stellar Diameters and Ef- 
fective Temperatures 246 

Key Equations & Concepts 249 

Problems 249 


13 Stars: The Hertzsprung-Russell Diagram 251 

13-1 Stellar Atmospheres 251 

13-2 Classifying Stellar Spectra 255 

13-3. Hertzsprung-Russell Diagrams 259 

Concept Application: Spectroscopic Parallaxes 
266 

Key Equations & Concepts 268 

Problems 268 


Part ]]] 
The Milky Way Galaxy 271 


14 Our Galaxy: A Preview 272 
14-1. The Shape of the Galaxy 272 
14-2. The Distribution of Stars 274 
14-3 Stellar Populations 277 


Contents xi 


14-4 Galactic Dynamics: Spiral Features 278 

Concept Application: Kepler’s Third Law and the 
Galaxy’s Mass 279 

14-5 A Model of the Galaxy 279 

Key Equations & Concepts 282 

Problems 282 


15 The Interstellar Medium and Star Birth 284 
15-1 Interstellar Dust 284 

Concept Application: Color Excess 286 

15-2 Interstellar Gas 290 

15-3. Star Formation 299 

Key Equations & Concepts 307 

Problems 307 


16 The Evolution of Stars 310 

16-1. The Physical Laws of Stellar Structure 
310 

16-2. Theoretical Stellar Models 317 

16-3 Stellar Evolution 318 

16-4 Interpreting the H-R Diagrams of Clusters 
326 

16-5 The Synthesis of Elements in Stars 326 

Key Equations & Concepts 329 

Problems 330 


17 Star Deaths 332 

17-1 White Dwarfs and Brown Dwarfs 332 
Concept Application: Cooling Time 335 

17-2. Neutron Stars 338 

17-3. Black Holes 345 

Key Equations & Concepts 349 

Problems 349 


18 Variable and Violent Stars 352 

18-1 Naming Variable Stars 352 

18-2 Pulsating Stars 353 

Concept Application: Pulsating Stars 355 

18-3 Nonpulsating Variables 356 

18-4 Extended Stellar Atmospheres: Mass Loss 
359 

18-5 Cataclysmic and Eruptive Variables 364 

18-6 X-ray Sources: Binary and Variable 374 

Key Equations & Concepts 378 

Problems 378 


19 Galactic Rotation: Stellar Motions 380 
19-1 Components of Stellar Motions 380 
19-2. The Local Standard of Rest 382 
19-3. Moving Clusters 383 

19-4 Galactic Rotation 385 

Key Equations & Concepts 391 

Problems 391 


xii Contents 


20 The Evolution of Our Galaxy 393 

20-1 The Structure of Our Galaxy from Radio 
Studies 393 

20-2. The Distribution of Stars and Gas in Our 
Galaxy 397 

Concept Application: The Mass of the Nucleus 
404 

20-3. Evolution of the Galaxy’s Structure 405 

20-4 Cosmic Rays and Galactic Magnetic Fields 
407 

Key Equations & Concepts 409 

Problems 409 


Part IV 
The Universe 413 


21 Galaxies Beyond the Milky Way 414 

21-1 Galaxies as Seen in Visible Light 414 

Concept Application: The Stars that Dominate a 
Galaxy’s Light 423 

21-2. Galaxies at Radio Wavelengths 425 

21-3. Infared Observations of Galaxies 426 

21-4 X-ray Emission from Normal Galaxies 
426 

21-5 Some Basic Theoretical Considerations 
427 

Key Equations & Concepts 431 

Problems 431 


22 Hubble’s Law and the Distance Scale 433 

22-1 The Period-Luminosity Relationship for 
Cepheids 433 

22-2 Hubble’s Law 434 

22-3. Distances to Galaxies—The Distance Scale 
437 

Concept Application: Cepheids and the HST 443 

Key Equations & Concepts 444 

Problems 444 


23 Large-Scale Structure in the Universe 446 

23-1 Clusters of Galaxies 446 

23-2. Superclusters 452 

Concept Application: Deviations from Pure Hub- 
ble Flow 459 

23-3 What Lies Behind the Zone of Avoidance 
460 

23-4 Intergalactic Matter 460 

23-5 Masses-Round 3: The Missing? Mass 461 

23-6 Summary 462 


Key Equations & Concepts 463 
Problems 463 


24 Active Galaxies and Quasars 465 

24-1 Radiation Mechanisms 465 

24-2 Moderately Active Galaxies 465 

24-3. AGNs 467 

24-4 Quasars: Discovery and Description 476 
24-5 Problems with Quasars 480 

Concept Application: Feeding Black Holes 481 
Key Equations & Concepts 485 

Problems 486 


25 Cosmology: The Big Bang and Beyond 488 

25-1 Steps Toward General Relativity 488 

25-2. Einstein’s Theory of General Relativity 
490 

Concept Application: A Non-Zero Cosmological 
Constant? 493 

25-3. The Primeval Fireball 495 

25-4 The Standard Big Bang Model 499 

Key Equations & Concepts 500 

Problems 501 


26 The New Cosmology 503 

26-1 Problems with the Existing Model 504 

26-2. Cosmic Nucleosynthesis 505 

Concept Application: Cosmic Helium Abundances 
506 

26-3. Particle Physics 507 

26-4 Inflation Theory 508 

26-5 Galaxy Formation 509 

26-6 Noncosmological Redshifts 511 

26-7 History of the Universe 512 

26-8 Summary 513 

Key Equations & Concepts 514 

Problems 515 


Comet Update 


Appendices 
1. The Messier Catalog A-1 
2. Constellations A-4 
3. Solar System Data A-7 
4. Stellar Data A-10 
5. Atomic Elements A-13 
6. Conversion of Units A-15 
7. Constants and Units A-17 
8. The Greek Alphabet A-19 
9. Mathematical Operations A-20 
10. The Celestial Sphere A-32 


Glossary G-! 
Index = -! 


INTRODUCTION 


Astronomy, Astrophysics, and Physics 


M ost colleges and universities with extensive 
programs in astronomy offer one course enti- 
tled “Astrophysics.” What does this title mean? Are 
the contents of this course widely agreed upon? 
How does astrophysics relate to physics? 

We target this textbook for such an astrophys- 
ics course. The book will illustrate many instances 
in which well-known principles of physics, such as 
gravitation and electromagnetism, can be used to 
investigate important objects that one encounters 
when exploring the Universe with telescopes or 
space probes. The book will also discuss areas in 
which “new physics” will result from astronomical 
observations. 

The applications that are discussed in this book 
reflect the current interests of the astrophysics com- 
munity. Therefore, the contents conform to the 
“standards” as much as possible. Albeit, inevitably, 
there will be a few topics either covered or not cov- 
ered by the authors that our colleagues disagree 
with. First, we would like to set our subject matter 
into the larger confines of the sciences. 


Astronomy and Astrophysics 


The distinction between astronomy and astrophys- 
ics can sometimes cause controversy. Both study 
various celestial bodies, the physical processes that 
govern them, or perhaps the whole Universe. For 
those who distinguish between astronomy and as- 
trophysics, the difference usually lies in believing 
that astronomy refers to activities or observations of 
a purely phenomenological nature. In these, very 
little new science can be obtained even though the 
activity might be impressive visually. One example 
is the public’s interest in lunar eclipses. They are 
hauntingly beautiful, with the moon’s color having 
a reddish-orange cast, but they add very little to 
existing scientific knowledge. A second example is 
the visual observation of variable stars. There is a 
worldwide network of amateur variable-star ob- 


servers that is largely unknown to professional 
astrophysicists. These volunteers monitor well- 
known variable systems and particularly enjoy ob- 
serving them at minimum or maximum light. 

For a variety of reasons, we choose not to dis- 
tinguish between the two words; in this book both 
astronomy and astrophysics refer to a common study. 
Partly, we do this because there is value in all as- 
tronomical observation; the amateur variable-star 
observers are often of great value in helping the 
professional to cover important, time-critical 
events. Also, although we do not aim this as a text- 
book in phenomenological astronomy, we stress 
the need for professionals to understand the un- 
derlying physics behind astronomical phenomena. 
For example, astrophysics students should have a 
good grasp of why eclipses occur, about how often 
each year they happen, and how far from the nodes 
of its orbit the moon must be in order for an eclipse 
to occur. We are most interested in advancing the 
body of scientific knowledge, but we also hope that 
serious astrophysics students will appreciate phe- 
nomenological astronomy. 


Astrophysics and Physics 


How then does astronomy or astrophysics relate to 
physics? Although astronomy is often described as 
having been the first science, and only an all- 
embracing natural philosophy existed just a cen- 
tury or two ago, physics is presently regarded as 
the broadest of the sciences. Astronomy, chemistry, 
engineering, geology, and so on, all study concepts 
such as force, energy, atoms, and nuclei that a stu- 
dent in our educational system first meets compre- 
hensively in a physics course. 

A glance at the course offerings in a physics 
department illustrates the conceptual divisions 
within the body of physics as a whole. A typical 
list of course titles and subject matter includes the 
following: 
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classical mechanics—motion and forces 
electricity and magnetism—the static and dy- 
namic properties of individual or assembled 
charged particles 

optics—both macroscopic systems such as 
lenses and mirrors and quantum systems or co- 
herent waves 

solid state—condensed matter 

statistical mechanics and thermodynamics— 
interactions of particle assemblies 

plasma physics—the state of matter in which 
most particles are ionized 

relativity—the special theory (high-speed mo- 
tion) and the general theory (an alternative to 
Newtonian gravitation) 

quantum mechanics—the microscopic world of 
atoms, nuclei, and particles 


This is only a partial list of course topics, but 
it illustrates the breadth of physics. One of the most 
fascinating aspects of physics is that all these dif- 
ferent subjects result from just four known forces 
in nature. The forces will be discussed more fully 
in Chapter P4, but we can list them here as the 
strong nuclear, electromagnetic, weak nuclear, and 
gravitational forces. (The order given is that of their 
relative strengths at a distance of about 107 me- 
ter; in this situation the strong nuclear force is fully 
10*° times stronger than the force of gravity.) 

Perhaps even more fascinating is that most of 
our everyday experiences deal with interactions 
from only two of these—the electromagnetic and 
gravitational forces. Although the two nuclear forces 
are certainly crucial to the very structure of atoms 
and therefore to the world we know, we do not 
often experience phenomena in which they domi- 
nate. This also means that most physics courses dis- 
cuss phenomena related only to the electromag- 
netic and gravitational forces. A student encounters 
significant details of the nuclear forces only in 
courses dealing specifically with nuclear physics. 
Undergraduates may hardly encounter the nuclear 
forces at all. 

We note that research in astrophysics involves 
all of the physics disciplines listed earlier. Some as- 
tronomers study such subjects as the motions of 
stars in clusters or the plasma interactions of the 
solar wind with the earth’s magnetosphere. Still 
others design telescopes, examine theories of the 
crusts of neutron stars or contemplate the thermo- 


dynamics of the Universe itself. The variety of as- 
trophysical inquiry is astounding! Astrophysics is 
a means of using physical laws learned here on 
earth to study the cosmos and then checking 
whether the cosmos adds more. Also, just as most 
everyday experiences come from only two of the 
forces, most astrophysical studies involve the elec- 
tromagnetic and gravitational forces. 

By its very nature, astronomy is a passive sci- 
ence; we cannot make many experiments because 
our subjects are too far away. We therefore must 
rely on information that we receive, and almost all 
of this information comes from photons, whether 
they be radio waves, visible, light, or X-rays, for 
example. As we will see in several chapters in this 
book, photons are created and destroyed by elec- 
tromagnetic interactions. Indeed, photons are the 
particles that mediate the electromagnetic force. 
This force dominates most useful interactions. For 
example, the differences between the common 
states of matter (solid, liquid, gas, and plasma) 
come from differing electrical binding properties, 
and most of astrophysics coursework involves 
learning how the different states of matter behave 
in various astronomical environments. 

The second most important force in astrophys- 
ics is gravity. Although it is by far the weakest of 
the four forces, it dominates the macroscopic dy- 
namics of almost all systems. This happens, of 
course, because most large objects have a net elec- 
trical charge of zero and also because the two nu- 
clear forces have a very limited effective distance 
range (roughly the size of an atomic nucleus). 
Clearly, the orbits of moons, planets, stars, and gal- 
axies are caused by the gravitational interaction. 
We will also see that the dynamics of the largest 
known galaxy superclusters and even the Universe 
as a whole are governed by gravity. 

Although astrophysicists study and use these 
two forces more than the others, there are a few 
important physical processes where the nuclear 
forces come to the forefront. The most common of 
these is the examination of the energy production 
mechanism of stars. Here nuclear fusion processes 
turn low-mass nuclei into higher-mass nuclei with 
a release of energy. This is primarily a strong- 
nuclear-force phenomenon, but the weak force is 
also part of the process. In the extreme violence of 
some supernova explosions, the major component 
of released energy comes out in the form of neu- 


trinos, which interact primarily via the weak nu- 
clear force. 


Astrophysics and New Physics 


In some ways astrophysics sounds as if it might be 
a subdiscipline of physics, and if we only used tra- 
ditional physical principles and applied them to ce- 
lestial systems, that would indeed be the case. 
However, the history of science and the leading 
edge of today’s research clearly show that astro- 
physics often leads the way and introduces new ideas to 
physics. A well-known historical example is New- 
ton’s realization that the same force (gravity) keeps 
the moon in orbit around the earth as makes objects 
fall if released near the earth’s surface. Another, 
less familiar, example is the analysis by Sir Arthur 
Eddington that the sun could not burn by means 
of chemical interactions for geological times (and 
therefore could not account for fossils with ages of 
hundreds of millions of years). Although his work 
did not specify details, it showed the need for some 
new kind of physical process decades before the 
discovery of nuclear energy. 

At present, a new understanding of the inti- 
mate relationship between physics and astrophys- 
ics comes from the exciting world of elementary 
particle physics. As we penetrate atoms and nuclei 
to study their internal structures and then further 
to the internal makeup of particles themselves, we 
find increasingly profound physical insight. This is 
a world of theories that invoke strong symmetry 
principles and experiments with large and highly 
energetic accelerators. A recent triumph has been 
the prediction and subsequent demonstration that 
the electromagnetic and weak nuclear forces are 
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unified; i.e., there is a more fundamental electro- 
weak force that exists under certain conditions. 
Logical steps beyond this unification are Grand 
Unified Theories (GUTs) and the ultimate Theory 
of Everything (TOE). We do not yet have a suc- 
cessful GUT, which would unify the strong nuclear 
and electroweak forces, but considerable progress 
is slowly accumulating with time. Much less suc- 
cess has so far appeared for TOEs—theories that 
would unify gravity with the GUT force. 

The astrophysical implication of this discussion 
is that along with theoretical progress in GUTs and 
TOEs must come experimental verification, and 
this verification demands bigger, more energetic, 
and ever more expensive particle accelerators. 
Since higher energy scales with the size (and cost) 
of the accelerator, there is a physical (and eco- 
nomic) limit to the physics that can be examined 
here on earth. Yet, in many places within the study 
of astrophysics, natural accelerators may be work- 
ing. These include collapsed objects such as neu- 
tron stars and black holes as well as Active Galaxy 
Nuclei, which may likely be supermassive black 
holes with masses on the order of a million times 
that of our Sun. These conditions offer tempera- 
tures, densities, and energies that are found no- 
where else. Finally, the Universe itself expanded 
from a hot, condensed state that surpasses even 
black holes in one’s list of exotica. Within the first 
ticks of the Universe’s clock appeared particles that 
have not interacted with matter since that moment. 
If we can directly detect or at least infer the pres- 
ence of these particles, then we are experimenting 
with the ultimaté particle accelerator. Astrophysics 
has an important, leading role in the future of all 
physical thought! 
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In this chapter we will first review the basics of 
Kepler’s and Newton's laws and then review parts 
of vector calculus and the basic elements of the 
physics of motion. Second, we will show how 
Newton’s laws enable us to derive Kepler’s laws. 
The purpose is to show how first principles (i.e., 
theories) lead naturally to a rather complete un- 
derstanding of observable motions. 

Orbital motion, known as the two-body prob- 
lem, is one of the central features of astronomy, and 
our results on orbits will apply, in increasing scale 
size, to Earth satellites, natural planetary satellites 
(moons), planets orbiting the Sun, clusters of stars, 
stars orbiting the center of a galaxy, and clusters of 
galaxies. At the largest scales, some major surprises 
arise, and you will quickly see the most serious 
difficulty facing modern astrophysics—the dark 
matter. 


P1-1 
KEPLER’S LAWS 


In the 16th century, Copernicus (Section 1-1) led a 
revolution in our thinking about the basic model 
of the Solar System. Thereafter, with a few notable 
exceptions (like Tycho Brahe), the scientific world 
adopted heliocentric models. However, the Coper- 
nican models did not include significant improve- 
ments other than the basic change in philosophy 
about whether the Earth or the Sun was the center. 
Science still did not know much about the details 
of planetary orbits until Kepler advanced his three 
laws. These are as follows (Section 1-2). 


Law 1 The orbits of planets are in the shapes of 
ellipses with the Sun located at one focus. The 
equation of an ellipse is 


r = [a(1 — e?)|/(1 + ecos 8) 
Law 2 The radius vector (imaginary line joining 


the Sun to an object) of a planet sweeps out 
equal areas in equal times. This statement 
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means that the pie-shaped region of the orbital 
plane over which the radius vector moves in a 
certain period of time is equal to the area swept 
out in the same manner during the same length 
period at any other point in the orbit. In partic- 
ular, you can see that this means the planet trav- 
els fastest at perihelion (near point to the Sun) 
and slowest at aphelion (far point). 


Law 3 (known also as the Harmonic Law) The 
orbital periods of the planets form a precise re- 
lationship with the sizes of their orbits. Specifi- 
cally, p? = a3, where p and a are the periods (in 
Earth years) and average distances (in astro- 
nomical units; the mean distance of the Earth 
from the Sun is defined as 1.0 AU). 


These laws differ significantly from older concepts 
of planetary motion. Uniform circular motion was 
thought to prevail in all previous models. With 
Kepler’s new laws, we finally knew how planets 
moved, and these laws are still valid in the main; 
deviations from ellipticity are small within the 
Solar System and come from pertubations in or- 
bits caused by other nearby planets and from yet 
smaller corrections that come from General Rel- 
ativity. 


P12 
NEWTON’S LAWS 


By the end of the 17th century, the motion of bodies 
on Earth and in the Solar System was well under- 
stood. Progress came primarily from Newton who 
cast earlier results from Galileo into more rigorous 
form and added the law of reactions, the law of 
gravitation, and the calculus (along with Leibnitz). 

Newton’s laws are as follows (Sections 1-3 and 
1-4). 


The Law of Inertia Bodies remain at constant 
velocity unless acted on by a net outside force. 


The Second Law F = ma, where F, m, and a 
are the force (any type), inertial mass (defined 
by this law), and acceleration, respectively. 
The Law of Reactions For every force, there 
is an equal but oppositely directed force. 
The Law of Universal Gravitation 

F, = G(mm2/r?) (P1-1) 
Here F, is the force of gravity, which is always at- 
tractive. G is the gravitational constant; m, and 
mz are the gravitational masses of the two bodies 
in question. (The equivalence of gravitational and 
inertial masses is not established by this theory but 
has been experimentally verified to great accuracy.) 
Finally, r is the distance between the centers of the 
two bodies. 

Using Newton’s laws, we come to understand 
why planets move in the manner described by Kep- 
ler. The development of these concepts concerns 
the balance of this chapter. 


P1-3 
VECTORS 


This material involves a reasonable knowledge of 
vector calculus. We will revisit some of the early 
elements of vectors but do not intend it to be a com- 
plete introduction to the subject. We will adopt 
some standard notational devices about vectors as 
follows: 


Vectors will be indicated by bold type. 

Scalars will be in normal type. 

Unit vectors will be indicated by bold type and 
a hat over the symbol. 

Time derivatives may be either explicitly indi- 
cated by the use of dt or by a dot over the sym- 
bol. Second time derivatives may have two 
dots. 


We may use two interchangable ways to represent 
vectors. For example, v = (vz, Vy, vz) emphasizes 
components, and v = v,X + vy¥ + v,2 empha- 
sizes coordinates, but the two are equivalent. 
Multiplication of vectors by scalars is associa- 
tive, and the addition of two vectors is commuta- 


tive and associative. Therefore, the following state- 
ments are true: 


(ab)v = a(bv) 
va = av 
vtu=utyv 


(Vvt+u)+we=v+(u+w) 
a(v + u) = av + au 
(a + b)v 


av + bv (P1-2) 


We have two ways of multiplying vectors. The 
first, the dot product, is written as v - u; a geo- 
metric definition is v - u = vu cos 6. In component 
form, v+ u = U,u, + Vyuy + uzvz. Notice that 
the result of this product of two vectors is a scalar. 
A physical example is the equation of work done 
when a force acts over a distance; W = f: d. 

The second type of product of two vectors pro- 
duces a third vector. This is the cross product. A 
geometric definition is v X u = vu sin @ in the di- 
rection given by the right-hand rule. In component 
form, 


v Xu = [(Vyuz — VzUy)& 
+ (UzUx — VxUz)¥ + (OxUy s VyU x)2] 


(P1-3) 
The cross product has the following properties: 


vxu=-uxv 
(cv) X u = v X (cu) = c(v X u) 
v X (u + w) = (v X u) + (VW X Ww) 


vxXv=0 (P1-4) 
An important example of the cross product is the 
case of a charged particle moving in a magnetic 
field; here F = qv X B. The motion described by 
this equation is that of gyration; an electron, for 
example, moving perpendicular to a magnetic field 
would move in a circular motion—helical if there 
were also a component of the electron’s velocity 
parallel to the field. As we will see later, this kind 
of motion is of supreme importance in the field of 
radio astrophysics. 

We are free to change coordinate systems to 
suit different problems—the physics of a problem 
should not be masked by the coordinates. In the 
central force or two-body problem, polar coordi- 
nates are much more convenient than Cartesian co- 
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ordinates, and we have the following relations be- 
tween the two: 
r=Ver¥ 
6 = tan“ (y/x) 
x=rcos@ and y=rsin@ (P1-5) 


We find it very useful to examine the unit vectors 
in the polar coordinate system. 


f = cos 6& + sin 6F 


6 = —sin 0% + cos 6 
de/do = 6 
dé /do = -? (P1-6) 
Using this notation, note that 
r = rt(6) (P1-7) 


P1-4 
TIME DERIVATIVES 


In Cartesian coordinates, one particularly useful 
way to think about the motion of a particle is for 
the x and y coordinates to be functions of a contin- 
uously varying parameter. For example, we can 
think of the positional vector r as a function of the 
coordinates, the unit vectors, and time. 


r= x(t) + y(t)¥ 


The natural means of expressing motion in 
physics is through differentials or derivatives. Var- 
ious means of expressing velocity follow: 


v = drfdt = t = (dx/dt)X + (dy/dt)y (P1-8) 


We might be interested in the different components 
of velocity, and these are expressed (again in Car- 


tesian coordinates) as 
v, = dx/dt and vy, = dy/dt 


In addition to velocities, which are first deriv- 
atives of the position coordinate, we make key use 
of acceleration, which is the second derivative of 
the position. 

a = dv/dt = t = (d?x/dt?)x + (d?y/dt?)¥ 
Now use the chain rule of differentiating to find 
the velocity in terms of the polar unit vectors: 

v = (d/dt)[r?(6)] 
(dr/dt)2(0) + r[dt(@)/d6](d6/dt) 
70) + 766 


(P1-9) 


(P1-10) 


< 
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Take the second derivative with respect to time: 


a = dv/at 
= 7 + (dt/d6)(do/dt) + 766 


+ 166 + r6(d6 /d0\d6/dt) (P1-11) 
Combining terms, 
a = (# — r0?)8 + (r6 + 276)6 (P1-12) 


Looking closely at the term multiplying f, we find 
that the first element of this term for acceleration 
in the r direction is obvious by definition of the 
second time derivative, but the second part is not 
so obvious; this is the centripetal acceleration. 
There is a radial component to acceleration that de- 
pends on the velocity component in the 6 direction! 

Similarly, the first portion of the @ component 
of acceleration is obvious because it contains the 
second time derivative of 0, but the second part 
depends on first time derivatives of r and 6. This 
second term is the coriolis acceleration. 

Note also that setting + and 7* equal to zero, 
yields 


a, = (10)*/r = —v2/r (P1-13) 


which is familiar from introductory physics of cir- 
cular motion. 


P1-5 
SPATIAL DERIVATIVES 


If we have a scalar function f(x, y, z), a useful vec- 
tor, the gradient, can be obtained from it: 


grad f = (0f/dx, df/ dy, a f/dz) 
= X(af/ax) + Haflay) + 2(0f/<z) 
(P1-14) 
grad f is the vector whose direction is that in which 
f(x, y, z), changes most rapidly; its magnitude is the 
directional derivative of f—the rate of increase of 


f per unit distance in the direction of grad f. The 
differential of f is 


df = (affaxdx + (affay)dy + (affaz)dz 


We can form an operator, V—termed del, 
which is defined as 


V = (a/ax) + $(0/ay) + 2(3/az) 


(P1-15) 


(P1-16) 


One use of V is as grad f = Vf, V is not a vector 
even though it has many of the algebraic properties 
of vectors. For example, if f and g are functions 


and a is a constant, then V(f + g) = V(f) + V(g) 
and Vaf(x, y,z) = aVf(x,y,z). However, V(fg) = 
gVfix,y,z) + fV9(x,y,z), and in this manner it be- 
haves differently from vectors. 

We use V to create a variety of useful vectors 
and one important scalar when it operates on func- 
tions. You have already seen the vector grad f, the 
scalar is V « v, where v is here meant to represent 
any vector. (Note the analogy with the normal vec- 
tor dot product.) This scalar is called the diver- 
gence or div and in Cartesian coordinates is 


divv =V:-v 


= 00,/dx + dvy/dy + dv,/dz (P1-17) 


The physical meaning of div v is as a source or sink 
of a “fluid” and is best illustrated by Gauss’ law; 
we refer you to standard physics texts for a thor- 
ough examination of this subject. 

The second important vector that can be cre- 
ated using V is the curl of a vector: 


curlv=VxXv 

(dv,/dy — dvy/dz)X 

+ (dv,/dz — dv,/dx)¥ 
+ (dvy/dx — d0,/dy)z 


(P1-18) 


Note here the analogy with the vector cross prod- 
uct. The physical meaning of curl is best illustrat- 
ed by Stokes’ theorem and is a measure of the ex- 
tent to which the vector circles around a point. An 
excellent example is the magnetic field circling 
around a wire. 

In spherical coordinates V is given by 


V = #(0/ar) + 6/r(a/00) 


+ [b/(r sin 6)\(a/ad) (P1-19) 


MOMENTUM AND ENERGY 


Using the results of the sections on vectors, we can 
write Newton’s second law as 
F = m(d?1r/dt?) (P1-20) 
The basic definition of linear momentum is 
p = mv (P1-21) 
Therefore, we can rewrite Equation P1-20 as 


F=mv=p 
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Now note that we can form the dot product of 
both sides with v: 
F-v = mv- dv/dt = (1/2)m[d(v2)/dt] 
(d/dt)((1/2)mov?] (P1-22) 


A fundamental definition is the kinetic energy of 
a particle: 


K = (1/2)mv? (P1-23) 


Note that the rightmost term of Equation P1-22 is 
the time derivative of K. So integrating both sides 
with respect to dt yields 


Ky — Ky = (1/2)mv22 — (1/2)mv,?2 
to 2 
= r+ vat = | F-dr (P1-24) 


th nN 


The last term of Equation P1-24 is the work done 
by the net force on the particle, and this is equal to 
the increase in the kinetic energy of the particle. 

If the force is a function of position and time 
but not of velocity, then we can write 


E(r, t) = —oV(r, t)/ax 


The function V(r, t) in Equation P1-25 is the poten- 
tial energy of the particle. For the two-body prob- 
lem, the potential energy is generally not a function 
of time and is explicity 


(P1-25) 


(P1-26) 


Only differences in potential energy ever enter into 
problems; in the two-body problem we generally 
take V = 0 when the two particles are infinitely 
separated, but this is not demanded. 

The total energy of a particle is defined as 


Eto = K+ V (P1-27) 


If the force does not depend upon time, it is said 
to be a conservative force, and E,,; is then constant 
with time. 


V = —Gmym2/|r, — rol 


P1-7 
ANGULAR MOMENTUM 


The angular momentum [Section 1-5(A)] is de- 
fined as the product of the distance of a particle 
from the point about which the angular momen- 
tum is to be considered times the component of the 
linear momentum perpendicular to the line from 
the particle to the origin. 


L = rmvg = mr?6 (P1-28) 
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In vector notation, 


L=rxXp (P1-29) 
Notice from Equation P1-28 that 
dL/dt = 2mr?6 + mr6 (P1-30) 


In terms of polar coordinates, the force is F = 


Et + &6 so, from Newton’s second law and Equa- 
tion P1-12, 


ma, = m¥ — mr6? = £ 


mag = mr6 + 2mrO = Fe (P1-31) 


Comparing Equations P1-30 and P1-31, we find 
dL/dt = (d/dt)mr2@ = rFy = N_ (P1-32) 


The quantity rFy = N is the value of the torque ex- 
erted by the force about the origin. 


Pl 8 
THE TWO-BODY PROBLEM 


We are now ready to set up and solve the intended 
problem—that of two objects orbiting each other 
under the gravitational force. 

First, note that the form of Newton’s law of 
gravitation is that of a central force. (The concept 
of central forces is more general than what we are 
considering here. Note those elements that would 
carry over from ours to the more general problem.) 


F = F(r)? (P1-33) 
From Section P1-7, note that the torque is 


N = (r X #)F(r) = 0 (P1-34) 


Therefore, we see by Equation P1-32 that 


dL/dt = 0 (P1-35) 


From this result, we know that the angular mo- 
mentum is conserved; it is a constant of the motion. 
Note, also, that this result implies specifically that 
L = m(r X v) is a constant. Therefore, both vectors 
r and v must always lie in a fixed plane perpen- 
dicular to L. So, the two-body problem can be done 
in polar, not spherical, coordinates. 

We find a second constant of motion by noting 
that the gravitational force is the gradient of the 
gravitational potential energy: 


Fy = -V,V (P1-36) 


And, by using Newton’s second law, we write ex- 
plicitly for both Fy. and Fy: 
Fy. = mr = —V,V and 
Fy, = MF 2 = -V,V (P1-37) 


Taking the dot products of these two separate 
equations with r, and fz, respectively, and then 
adding the two equations together, we find 


mf ° ty) + mofo *t2 + ° VV 
+ i2° VV = 0 (P1-38) 
which can be rewritten as 
(d/dt)[(1/2)m,#,?7] + (d/dt)[(1/2)mot27] + dV,/dt 
+ dV,/dt = 0 (P1-39) 


So, finally, 
(d/dt)[K + V] = dE,o/dt = 0 


As expected, the total energy is conserved [Section 
1-5(D)]! 

Because we have already demonstrated that 
the motion is in a plane, we combine Newton’s sec- 
ond law and the law of gravitation in the # and 6 
directions separately, using Equation P1-12, as 


(P1-40) 


in the f direction: 


* — r62 = —aV/(mar) (P1-41) 
in the 6 direction: 
16 + 276 = —dV/(mra0) = 0 = (P1-42) 


We could work with either Equation P1-41 
or P1-42, but the latter is somewhat easier. We will 
also make a substitution of coordinates, using 
u = 1/r. Then 


—(1/u?\(du/d0)6 = —r?6(du/dé) 


ll 
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= —(L/m)(du/d6) (P1-43) 
and 
# = —(L/m)(d2u/de?)0 
= —(2u?/m?)d?u/de?) (P1-44) 
so 
d?u/d6* = —u — mK/L? (P1-45) 
where 


K= —Gm m2 


This, now, is the differential equation to solve. 
Notice that it is ill behaved if L = 0, but from 


Equation P1-28, we see that this defines motion 
along a straight line that intersects the origin (i.e., 
a radial orbit). 

The solution to Equation P1-45 is 


u = 1/r = —mK/L? + Ccos(@ — 69) (P1-46) 
where CVm?KYL2 + 2mE/I2 
Explicitly for r, we find 
r = [-mK/L? + Ccos(@ — 6)]"  (P1-47) 


which is one form of the equation of a conic sec- 
tion. A more typical form for an ellipse is 


r = [a(1 — e?)//(1 + ecos 6) (P1-48) 


where a is the semimajor axis and ¢ is the elliptic- 
ity. For a parabola (where e = 1), the typical form 
is 


r = 2p/(1 + cos 6) (P1-49) 
And for a hyperbola we have 
r = [a(e* — 1))/(1 + ecos 6) = (P1-50) 


The solution that we have found is more general 
than Kepler’s first law. We now see that an orbit 
could be any of the three conic sections. Of course, 
Kepler did not find this observationally because the 
parabolic and hyperbolic solutions lead to orbits in 
which the object leaves the Solar System. 

We now examine Kepler’s second law. By di- 
rect geometrical analysis, we have 


dA/dt = (1/2)r2(d6/dt) 


which is just 


(P1-51) 


dA/dt = 2L/m 


But the angular momentum is constant in the two- 
body problem so dA/dt is a constant! This is a more 
modern statement of Kepler’s second law. 

In order to examine the harmonic law, consider 
the center of mass of a two-body system. Take m, 
at a distance of nm from the center of mass and the 
object with mass m2 at a distance of m from the 
center of mass. The centripetal force for object 1 is 
given by 


(P1-52) 


F, = my077/n a An? mn /p? (P1-53) 


where p is the orbital period and, of course, is the 
same for both objects. Since F; = F, by Newton’s 
third law, we see that 


t/t = m2/m, (P1-54) 
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If we leta = 1 + %, then 


mh = ma/(m, + m2) (P1-55) 
This leads to 
Foray = Gmym2/a? = 4m? mor/p?  (P1-56) 
and 
p> = [47a7/(Gm2)|[mza/(m, + m)] (P1-57) 


Finally, we arrive at Kepler’s third law [Sections 
1-5(B), 2-3(A), 6-5, and 12-2(A)]: 


p? = 427a5/[G(m, + mp)] (P1-58) 


Now let’s further examine some energy and 
force considerations of the two-body problem. For 
the gravitational force, the potential energy is given 


by 


V(r) = —Gmym2/r (P1-59) 


This represents the energy required to assemble the 
system after starting with the two masses infinitely 
far apart; we take V(~) = 0. The negative sign 
shows that the force is attractive, and the potential 
energy is less than zero when the masses are al- 
lowed to move closer together. 

Next, let us return to Newton’s second law as 
specifically applied to the two-body problem. Re- 
membering that & = 0, we apply F = ma to Equa- 
tion P1-12 and incorporate Equation P1-28 (defi- 
nition of angular momentum): 


ma = m(¥ — 162) 


mi — L?/(mr*) = F(r) — (P 1-60) 


Notice here that the use of L, which is a constant, 
has eliminated 6 from the equation. Moving the L 
term to the right-hand side, we find that 


m¥ = F(r) + L?/mr (P1-61) 


This looks like an equation of motion in one 
dimension. It has the form of an object moving un- 
der the force of gravity plus an additional force. 
Note that the second term is not a real force; it is 
just part of mass times acceleration in an acceler- 
ating frame. This is an example of a fictitious force; 
we sometimes call this the centrifugal force. Note 
that the centripetal force, which is the inwardly 
directed force that keeps an object in orbit or the 
tension in a string tied to a revolving ball, for ex- 
ample, is real. 
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If we examine the effective potential energy of 
Equation P1-61, we arrive at 


Vert = = | er oe [ comer 
V(r) + L?/2mr2 


Note that V(r) is negative so the effective potential 
energy is negative at large r and positive at small 
r (if L > 0). If the absolute value of the kinetic en- 
ergy of the object is less than the minimum of the 
effective potential energy, then the total energy is 
negative and the particle is said to be bound. The 
allowed values of r can be seen by plotting the ef- 
fective potential energy and total energy versus 1; 
this is the elliptical motion described by Kepler's 
first law: fmin and rmax are termed the perihelion 
and aphelion, respectively. 

If E,o¢ = 0, then the motion is unbounded, and 
the path is that of the parabola described previ- 
ously. If, on the other hand, E;.¢ > 0, the path is 
that of a hyperbola. Clearly, objects with these un- 
bounded orbits must be rare; they leave the Solar 
System after perihelion passage. However, we do 
see this happen for some comets. The comets in the 
Oort cloud have a ~ 10,000 AU, and they are just 
barely gravitationally bound to the Sun. Occasion- 
ally, they have energy added during a close pass 
by Jupiter, and this can lead to a positive total en- 
ergy; their orbits are changed from elliptical to par- 
abolic or hyperbolic. 


(P1-62) 
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P1-9 
REAL ORBITS 


Although the problem of orbits can be solved in 
two dimensions, it is inherently a three-dimen- 
sional system. We cannot choose the plane of the 
orbits arbitrarily. Therefore, the solution found by 
integrating a second-order differential equation in 
three dimensions involves six constants. Determi- 


nation of these six constants is needed to com- 
pletely specify a real orbit. In the Solar System, 
these constants are typically given as follows: 


a = semimajor axis 

e = eccentricity 

T = time of perihelion passage 

i = inclination (with respect to ecliptic plane) 
6 = longitude of the ascending node 

w = longitude of perihelion 


P1 10 
RELATIVISTIC CORRECTIONS 
AND THE REAL WORLD 


In the real Solar System, the orbits of planets are 
not exact ellipses. The mutual gravitational inter- 
actions of the planets produce small perturbations 
on top of the two-body (Sun and planet) problem. 
The most pronounced effect is to make the elliptical 
orbits precess—they do not quite close; the longi- 
tude of perihelion slowly moves. In addition, we 
now know that General Relativity (GR) offers a bet- 
ter description of gravitational interactions than 
Newton's laws. The GR corrections make the basic 
differential equation (P1-41) look like this: 


d2u/de2 = —u — mK/I2 — 3mKu2/c2_ (P1-63) 


Note that the correction must be quite small be- 
cause the term that represents the correction has 
c? in its denominator. The additional precession 
that this term made to Mercury’s orbit was, in fact, 
the first “proof” that Einstein offered for GR. Even 
before Einstein’s work, astronomers knew that 
Mercury’s precession was about 5000 arcsec/cen- 
tury (Einstein was unaware of this at the time), but 
taking account of planet-planet interactions still 
left a residual unaccounted precession of approxi- 
mately 40 arcsec/century. Einstein’s prediction was 
that GR accounted for 43 arcsec/century! 
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We next examine the orbits in dynamical systems 
that were unknown to Kepler and Newton, al- 
though the basic mathematical tools were devel- 
oped by Newton. 


P2-1 
SPHERICAL GRAVITATING SYSTEMS 


Newton’s law of gravitation describes the effects of 
gravity for a location outside of the object in ques- 
tion. But what happens gravitationally to a test par- 
ticle located inside of a shell or sphere? 


Gravitational Potential 


Analogous to the electrical potential, we define the 
gravitational potential as 


P(r) = -G | p(r')d?r/|r’ — r| — (P2-1) 


One of the primary reasons for introducing ® is 
that the gravitational force on a unit mass is the 
gradient of the potential. Because the potential is a 
scalar, it is easy to determine. Often, the force is 
best determined by taking the gradient rather than 
by other formulations of force. Notice that potential 
energy per unit mass equals the potential. Also, just 
as the gravitational force is the gradient of the po- 
tential energy, the force per unit mass is the gra- 


dient of the potential 
F/m = V® (P2-2) 


From this, we will obtain without proof Poisson’s 
equation by taking the divergence of both sides. 


V2@ = 47Gp (P2-3) 


Again, this is often the easiest means of finding ® 
and then F. In the special case of p = 0, we have 
Laplace’s equation 


Vb = 0 (P2-4) 


Newton’s First Theorem 


A body inside a spherical shell of matter experi- 
ences no net gravitational force from that shell. 


Proof: Start with a thin shell and particle of mass 
m located at a point that is not the center. Draw 
two cones that intersect at m and project a solid 
angle 60. The distance from m to the two opposite 
sides of the shell are 1 and m, and the masses con- 
tained within the two opposite intersections of the 
shell are 65m, and 6m. We then have 


5m,/5mz = (1/12)? 
Therefore, 
6m, /n? = dmz/19* 


Now the force of each of the two shells on m is 
given by 


Fyrav = Gmédm St? 


But these are equal from the second equation; be- 
cause they are opposite in direction, the net force 
is zero. 


Newton’s Second Theorem 


The gravitational force on a body that lies outside 
a closed spherical shell of matter is the same as it 
would be if all the shell’s matter were concentrated 
at one point at the center. 

We choose not to provide a proof for this the- 
orem, but you might want to look it up in an ad- 
vanced undergraduate mechanics textbook. 


P2.-2 
CIRCULAR AND ESCAPE VELOCITIES 


Circular velocity and escape velocity are two items 
you should always be aware of in astrophysical set- 
tings. For example, if a new star were found to- 
night moving at a speed of 100 km/s with respect 
to the Sun, would we expect it to be bound or es- 
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caping from the Galaxy? What about 1000 km/s? 
The Solar System is moving in an approximately 
circular orbit around the galactic center. What is 
the speed of this orbital motion? How fast must an 
artificial satellite be moving in order to achieve or- 
bit around the Earth? How fast must it go in order 
to reach the Moon? Note that the English usage is 
improper here. We should use circular speed not cir- 
cular velocity because we do not generally specify 
the direction. Oh, well. 

To find the circular velocity, set the force of 
gravity equal to the centripetal force: 


Feent - Fyrav 
mo2/r = GMm/r? 
Ve = VGM/r 


Now, to find the escape velocity, set the kinetic 
energy equal to the potential energy because the 
latter represents the energy change involved with 
assembling the system from an initial state of infi- 
nite separation (the opposite of the escape prob- 
lem). 


(P2-5) 


(1/2)mv,2 = V = GMm/r 
Ve = V2GM/r 


Note that these results hold for a “Keplerian” sys- 
tem, in which the “test particle” of mass m is phys- 
ically outside of the other mass M. We will find it 
useful later to examine the functional form of v, 
with r, the distance from the “center” of the system. 
For the Keplerian problem, note that 


(P2-6) 


ve x riv2 (P2-7) 


If the system in question is not Keplerian (i.e., 
it is not concentrated at the center), then the cir- 
cular velocity is given by 


ve = Vir: F = VGM(n/r 


As an example, for a homogeneous sphere (where 
p is constant) M(r) = (4/3)mr3p. Substituting this 
into Equation P2-8 yields 


(P2-8) 


Ue eT (P2-9) 


Let’s return to the questions asked at the be- 
ginning of this section. The Solar System is moving 
at approximately 250 km/s in its nearly circular 
motion around the Galactic center. So a star mov- 
ing at 100 km/s with respect to the Sun would be 
moving at a speed of 150-350 km/s with respect to 
the Galactic center. The lower end of this range is 
not unusual for the oldest population of stars, but 
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the upper end would represent an object in a hy- 
perbolic orbit or one that is retrograde, which is not 
very common. Clearly, an object moving at 1000 
km/s with respect to the Sun would be moving at 
well above the escape velocity for the Galaxy. For 
the Earth, vcgre ~ 7.9 km/s, and Vesc © 11.2 km/s. 


P2-3 
A FIRST MODEL OF A SPIRAL GALAXY 


Spiral galaxies [Section 21-1(A)] have four major 
dynamical systems: the nuclear bulge, the exponen- 
tial disk, the spiral arms, and the halo [Section 
20-2(B)]. For the moment, let us ignore the last two. 
We ask How does », vary with distance from the 
nucleus? This functional form is termed the rotation 
curve. We would predict the following: From the 
nucleus to the edge of the nuclear bulge, we expect 
the rotation to act like that of the homogeneous 
sphere, so vu, * r. However, outside of the nucleus, 
the images of galaxies show a sharp drop-off in 
light except in the disk. But the disk is much flatter 
than the nuclear bulge. Therefore, the farther out 
in the disk we look, the more the mass of the 
galaxy is expected to mimic the Keplerian case. 
In the outer parts, therefore, we expect to find 
Ve x rV/2, 

Observationally, you can simply lay a spectro- 
graph slit along the major axis of an edge-on spiral 
and measure the Doppler shifts at various points 
along the slit in order to determine the rotation 
curve. Examine the rotation curves of spirals in Fig- 
ure 21-9. Near the center, they behave as our sim- 
ple model predicted, but in the outer parts, they 
are distinctly different because they remain flat in- 
stead of falling with increasing distance from the 
nucleus. The implication is that galaxies are not 
Keplerian systems. The mass is not concentrated 
near the nucleus or nuclear bulge. Clearly, there is 
mass that is present and very diffusely distributed, 
but it does not show up in visible light images. 

Let us explore the possibilities for the distri- 
bution of the mass a little more. If we assume a 
power law density profile for the unseen mass, 
that is, 


p(r) = polto/r)* 
then 


M(r) = [42p070°/(3 — a)IrS-9 =a <3 


So 


ve « r2-a) (P2-10) 


What is the most likely value for a? 

The rotation curves for spiral galaxies [Sections 
15-4(C) and 21-4(C)] are our first indication of 
the presence of dark matter. Clearly, we have 
“weighed” the material in these galaxies by way of 
investigating the dynamics of orbits. Everything 
seems well understood. However, the result is 
quite disturbing. We have found that the orbits are 
only comprehensible if there is a very massive com- 
ponent to the galaxy that does not appear in visible 
light—hence the name dark matter. 

Earlier, we neglected the halo component of 
the Galaxy. We see now that this neglect may have 
been a mistake. The halo does not contribute much 
light to the Galaxy’s whole, but it seems that it may 
be the dominant contributor to the mass. 

The real orbits of stars in galaxies can be ex- 
ceedingly complex. For example, if the inner parts 
of the nuclear bulge can be approximated by a ho- 
mogeneous sphere, then the orbits form a rosette 
pattern [see Figure P2-1]. We will not explore this 
in detail, but we find that the star oscillates from 
its apocenter to pericenter and back to apocenter in 
a shorter time than it takes to complete one azi- 
muthal cycle about the galactic center. 

Also, photographs show that few galaxies are 
spherically symmetric. More commonly we find 
images that suggest symmetry about a rotational 
axis. Here, we would analyze the basic equations 
of motion in a cylindrical coordinate system. You 
can think of the motion of a star in this axisym- 
metric potential as having two components. The 
most interesting aspects of the motion occur in a 
plane that is rotating about the symmetry axis. Fig- 
ure P2-2 shows orbits for two stars in this merid- 
ional plane; the stars have the same energy and 
angular momentum, yet differing initial conditions 
lead to very different looking orbits. 


P2-4 
RESONANCES 


The study of waves lies at the heart of much of 
modern physics. It is also of great importance as- 
trophysically. One example is that of orbit reso- 
nances. Just as springs, drum membranes, bridges, 
buildings, and the like have certain frequencies at 
which they resonate, so do particle orbits. The most 
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Figure P2-1 Rosette-shaped orbits for stars in a ho- 
mogeneous spherical potential. [Adapted from a figure by 
J. Binney, and S. Tremaine, Galactic Dynamics, Princeton 
University Press, 1987] 


Figure P2-2 Box orbits in the meridional plane for stars 
in an axisymmetric potential. [Adapted from a figure by J. 
Binney, and S. Tremaine, Galactic Dynamics, Princeton 
University Press, 1987] 
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common interesting astrophysical resonances occur 
when the basic two-body problem is made more 
complex by the introduction of a third body or of 
a symmetry-breaking component of the gravita- 
tional potential. An example of the former comes 
in looking at the ring particles orbiting Saturn. The 
large moon, Titan, provides a source for resonance 
here. Similarly, in the asteroid belt, Jupiter causes 
resonances for certain orbits of these small bodies 
as they orbit the Sun [Sections 7-1(C) and 7-2]. 

The resonances caused by Titan or Jupiter oc- 
cur when the particle (ring particle or asteroid in 
these cases) comes to line up with the object it is 
orbiting (Saturn or Sun) and the perturbing body 
(Titan or Jupiter) (i.e., a single straight line joins the 
three objects). All particles will occasionally expe- 
rience this and at that time they are closest to the 
perturbing body and will receive a slight “kick.” 
Resonance only happens when the particle experi- 
ences this kick at regular intervals, meaning at the 
same phase of its orbit. Because the particle lies 
closer to the main body than the perturbing object 
does, they do not line up each time the particle 
completes an orbit, but every second or third or 
fourth . . . orbit they will line up. The net effect of 
many repeated small perturbations is to move the 
particle out of the orbit it is in. Therefore, orbits 
interior to Titan that have periods that are in small 
integer ratios to Titan’s are removed. This process 
leads to the famous gaps in the ring system first 
noticed by Cassini. For the asteroids, Kirkwood 
first investigated gaps in the main body of the 
belt. 


P2-5 
THE VIRIAL THEOREM 


The virial theorem [Section 21-4(B)] is one of the 
most important theoretical constructs in modern 
astrophysics. Its name comes from R. Clausius 
(who also coined the term entropy). The basic as- 
sumption we make is that there is a system of grav- 
itationally interacting particles that is stable— 
neither contracting nor expanding. Start off by con- 
sidering just the x component of a particle’s mo- 
tion. 
On the ith particle, 


Fi = pi = mx; 
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now neglecting the is 


K; = p7/2m; = (1/2)mx? 
= (1/2)m(d/dt)(xx) — (1/2)mkx 
= (1/2)@/at)(xp) — (1/2)xp 
= (1/2)(d/dt)(x ;pi) — (1/2)x iF 


If we sum over all particles plus the y and z 
components, 


Ktot = (1/2) or + F + (1/2)(d/at)(r - p) 


Now, consider the second term on the right-hand 
side. By definition of the average value, 


an | d(r + p) = (1/7)(r - p) 
0 


Therefore, as 7 — ©, this terms goes to zero, 
which formalizes our assumption of stability. Next, 
we average the remaining terms over time (indi- 
cated by the bars), 


Ktot = —(1/2) > (r + F) 


The right-hand side is what Clausius called the vir- 
ial; we see that it is just half the time-averaged po- 
tential energy: 


2Ktot = —Viot (P2-11) 


To illustrate the importance of the virial theo- 
rem, consider the formation of a star cluster. We 
will assume that initially all particles are separated 
by large distances and are at rest; hence, K = 0, 
V = 0, and E = 0 (since E = K + V). Now grav- 
ity will cause these particles to accelerate toward 
each other, so K increases and V decreases. The vir- 
ial theorem says that, after the system has come 
into equilibrium, 

Etot = K — 2K 
In other words, the system has radiated away half 


of its potential energy, leaving the bound (negative 
energy) system with 


Etot = —K (P2-12) 


P2-6 
RELAXATION TIME 
We next want to examine how long it takes for a 


particle in a gravitating system composed of many 
particles to have enough interactions to “forget” its 


original motion; this is called the relaxation time. 
Many systems in astrophysics look relaxed, mean- 
ing that they have a very smooth density fall-off 
from the center outward. Look at photos of glob- 
ular clusters [Section 13-3(C)], spheroidal (ellipti- 
cal) galaxies [Section 21-1], and the nuclear bulges 
of spiral galaxies. Notice that they all look very 
similar in most respects even though the galaxies 
may have 10° times as many stars as the cluster. 

Referring to Figure P2-3, we are interested in 
finding for the star that is moving to the right the 
component of the force perpendicular to its motion. 


F, = [Gm?/(b? + x*)cos 6 
and clearly 
mv fio F L 
Each encounter produces a perturbation dv ,, to the 
star’s velocity; but, because they are randomly ori- 
ented, the mean dv, is zero. However, the sum of 


the squares of the dv, is not zero. The result (with- 
out following the details) is that 


Nrelax = 0.1N/InN (P2-13) 


where N is the number of particles (stars, galaxies, 
whatever) in the system. Here nyejax is the number 
of times the particle has crossed the system until 
dv? ~ v. To find the relaxation time, multiply by 


the time of one crossing: 
(P2-14) 


trelax = Nrelax X tcross 


Let’s apply these equations to two real systems 
in order to compare the results. For a globular clus- 


> V 


Figure P2-3 The geometry of the relaxation time 
problem. 
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ter, N~ 105, so Myelax ~ 900 and teross ~ 10° 
years. Therefore, trejiax ~ 10° years. For a spheroi- 
dal galaxy, N ~ 10", Mreiax ~ 4 X 108, teross 
2 x 108 years, and trelax ~ 8 X 10° years. Note 
that the age of the Universe is tuniy ~ 2 X 1010 
years. Galaxies have not had time for their stars to 
attain relaxation by this method. However, if you 
look at a picture of an elliptical galaxy, it looks re- 
laxed. What is going on? Is there another way for 
systems to relax? 


P2.-7 
VIOLENT RELAXATION 


The theory of violent relaxation was developed by 
Donald Lynden-Bell. In a fixed potential, a particle 
moves such that E = (1/2)mv? + V = const. We 
have so far considered only systems where the 
potential energy does not vary with time—only 
with position. What happens when the potential 
changes significantly with time? Consider a particle 
at the center of a soon-to-be cluster. As we already 
saw when discussing the virial theorem, Ep = 
K + V = 0. Even if this particle does not move (so 
K remains zero), it lies at the center of a potential 
well that is rapidly forming, so Efings = O + V < 
0. The particle, through no action of its own, has 
had its total energy change and become bound to 
the system. So, the particle has “forgotten” its orig- 
inal energy, which is similar to what happens in 
the normal relaxation process we saw in Section 
P2-6. Differences are that the process happens 
much more rapidly (and violently), and it changes 
the energy per unit mass in a manner that is in- 
dependent of a star’s mass. 

Because star-star encounters appear not to be 
the cause of the relaxed appearance of spheroidal 
systems in galaxies, violent relaxation probably is 
the manner in which it happened. This process 
holds for both elliptical galaxies and the spheroidal 
nuclear bulge in spirals. 


em Special Relativity 


As a kinematical theory, Special Relativity (SR) de- 
scribes how objects move, but it does not deal with 
forces and accelerations. We have to wait for Gen- 
eral Relativity for this. The results of SR stretch the 
bounds of human intuition but are verified every 
day in high-energy particle experiments. 


P3-1 
THE MICHELSON-MORLEY EXPERIMENT 


All waves other than light were known to require 
a medium through which to propagate. When 
Maxwell's equations were shown to be consistent 
with light traveling as a wave, the presumed me- 
dium for light was named the ether. 

In 1887 Michelson and Morley conducted an 
experiment in which a beam splitter allowed light 
to travel down perpendicular paths and then be 
recombined. The experimental device was on a ro- 
tating bed so that it could be aligned and mis- 
aligned with this presumed ether. The result was 
that no matter what the orientation of the experi- 
ment and no matter what time of year (using the 
motion of the Earth through the ether to help locate 
its direction), the two beams traveled at the same 
speed. The implications are that there is no ether 
and no preferred frame of reference; all observers 
measure the speed of light with the same value. 


P3-2 
THE GALILEAN AND LORENTZ 
TRANSFORMATIONS 


Reference frames are assumed to be inertial (i.e., 
they are moving with uniform, unaccelerated mo- 
tion). We assume two frames f and f’ (see Figure 
P3-1); the only component of motion is in the x 
direction. According to classical (Galilean) physics, 


Ax’ = Ax — vAt 
P-14 
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Figure P3-1 Geometry for illustrating time dilation. 


and 


Ay’ = Ay; Az' = Az; At’ = At 


This transformation of positions from one frame to 
another is consistent with intuition. However, no- 
tice that it predicts that 


which is in direct violation of the Michelson- 
Morley experiment. 

The correct way to transform positions in rel- 
ativistic cases is the Lorentz transformation. Here, 
we introduce 


y= 1/V1 — (0/c?) 


which is always greater than unity. This leads to 


(P3-1) 


dx' = y(dx — vdt) (P3-2) 
dt’ = yldt — (v/c*)dx] (P3-3) 
dy' = dy (P3-4) 
and 
dz' = dz (P3-5) 


There are several items to notice. First, we see 
that the time coordinate is not the same in both 
frames; the time coordinate is dependent upon the 
relative motion of the two frames. This is the rea- 
son why we speak of spacetime. Time and the 
three spatial coordinates are not independent of 


, 


each other. Instead, they are parts of a more fun- 
damental four-dimensional entity. Second, note 
that the positions of the events in the two directions 
perpendicular to the motion are unaffected by the 
motion. However, the time coordinate and the spa- 
tial coordinate in the direction of motion are trans- 
formed in a manner that is different from our 
intuition. 


P3-3 
LENGTH CONTRACTION 
AND TIME DILATION 


Figure P3-1 shows the basis for deriving time di- 
lation. On the left, we see that in the rest frame a 
pulse of light emitted at point a and reflected by a 
mirror at point b travels a distance of 2d in a time 
At. On the right, we would see an identical pulse 
emitted at point a’ reflected by the same mirror but 
received at point b’ because the whole reference 
frame has moved to the right in the time it takes 
light to travel the distance 2d’. 

In the rest (unprimed) frame, the total time for 
the light pulse to travel is 


At = 2d/c 


In the moving (primed) frame, the total time is 
At!) = 2d/c = 2Vd2 + (vAt/2)/c 


The term in the square root comes just from the 
Pythagorean theorem and the fact that the vertical 
distance in both frames is the same. Squaring both 
sides, gathering all the At’ terms together, and sub- 
stituting the first result for the unprimed time in- 
terval in terms of p leads to 


At = At'V1 — v2/c? = At/y 


Therefore, we have found that the moving clock 
shows a smaller passage of time than the clock at 
rest. This is called time dilation. The passage of 
time in the rest frame is longer than that in a mov- 
ing frame and is termed the proper time. 

Rather similar considerations would indicate 
that lengths in a moving frame are smaller in the 
direction of motion than in the rest frame. This is 
called length contraction. Specifically, if we have a 
rod of length Ax’ in the primed frame, its length in 
the unprimed frame would be found by setting 
At = 0 because the end points must be measured 


(P3-6) 
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simultaneously in the moving frame (but not si- 
multaneously in the rest frame). Therefore, from 
Equation P3-2, Ax’ = yAx. (We have introduced 
finite differences for differentials because the trans- 
formations are linear.) Therefore, the length, as 
measured in the unprimed (moving in this exam- 
ple) frame, is seen to be less than that in the primed 
(rest) frame. The length in the rest frame is the 
proper length. 


P3-4 
SCALAR INVARIANCE OF 
SPACETIME INTERVAL 


In the Pythagorean theorem, we find the distance 
between two points in space by equating the square 
of the distance to the sum of the squares of the 
coordinate separations. As a natural extension, in 
SR we speak not of distances but of the spacetime 
interval between two events: 


ds? = dx? + dy? + dz* — c?dt? 


Note that the correspondence between spatial and 
time coordinates is not trivial. The difference in 
signs between the two indicates that they cannot 
be treated in precisely the same manner. 

The spacetime interval between any two events 
is independent of the motion of the observer; in 
other words, 


ds? = dx? + dy? + dz? — c?dt? 
= dx’? +:dy'? + dz? = 67dt'? | 
Therefore, ds? is a scalar invariant. If ds? < 0, it is 


said to be time-like. If ds? > 0, it is space-like. If 
ds? = 0, it is null. 


P3--5 
ADDITION OF VELOCITIES 


Just as coordinates transform in a manner different 
from that expressed by Galileo, velocities (more 
properly speeds) add in a nonintuitive manner. 


vy = (U, + v)/[1 + (U,v/c?)] — (P3-7) 


where U, is the relative speed between the two 
frames, v is the speed of an object measured in the 
moving frame, and v,' is the speed of the object as 
measured in the rest frame. Note that this equation 
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shows why objects cannot travel faster than the 
speed of light. Try putting 0.9c in for both U, and 
uv; the result is smaller than c. 


P3-6 
RELATIVISTIC DOPPLER SHIFT 


Without derivation, the ratio between the wave- 
length of light beams measured in a moving 
(primed frame here) and rest frame is 


AVA = (1 + 0,/c)/V1 — Uc? 


Note here an important difference with respect to 
the classical Doppler shift. Even if there is only 
transverse motion (v, = 0 and uy # 0), there is 
still a shift, caused by time dilation. In the moving 
frame the time between successive crests of the 
light wave are shorter than in the rest frame. 
Hence, the frequency of the wave is lower, and the 
wavelength is longer. 


(P3-8) 


P3-7 
MASS, ENERGY, AND MOMENTUM 


The most famous equation in science is E = mc2, 


which can be viewed in several ways. First, it says 
that a particle of (rest) mass m has associated with 
it a given amount of energy. We now know via 
nuclear reactions, for example, that all or a portion 
of this mass can be converted into energy. It also 
works the other way. Energy has associated with it 
a given amount of mass, and particles (in pairs) can 
be created by a sufficient concentration of energy. 

The relativistic extensions to the concepts of 
linear momentum and kinetic energy come from 
the following definitions: 


Etot = ymce? (P3-9) 


and 


Prel = ymvu (P3-10) 


There is much complexity hidden in the y factor; 
momentum changes dramatically with relativistic 
speeds, as opposed to the classical definition which, 
of course, remains linear with speed. 

Note that at rest the total energy is equal to the 
rest mass times c squared. The difference between 
rest mass and total energy when moving is then 
the relativistic kinetic energy. (Note that potential 
energy is not a part of a purely kinematical pic- 


ture.) 
Kye = (y — 1)mc?2 (P3-11) 


Now we can find the interrelations among en- 
ergy, momentum, and rest mass by first forming 
the quantity Eto? — Erest2: 


Etar -_ Bisse = Ear hae (mc?)? = (y? = 1)m?c4 


= y*m?v2c? = p2c? (P3-12) 
So, 

Etot = Wm2c? + p2c? (P3-13) 
and 

p= VEweet = m2 (P3-14) 
and 

mc? = VEioe — p2c2 (P3-15) 


Notice that Equation P3-14 allows us to find the 
relation between energy and momentum even for 
particles with zero rest mass (photons, for exam- 


ple): 
Ephot = pc (P3-16) 
and since Ephot = hc/A 


Pphot = h/A (P3-17) 


2 Particles and Forces 


P4-1 
INTRODUCTION 


In the 19th century, we knew of three forces of 
nature—gravitation, electricity, and magnetism. 
All three behaved differently. However, with Max- 
well’s equations later in the century, we saw that 
electricity and magnetism are more properly 
thought of as being differently perceived aspects of 
a more fundamental force called electromagnetism. 
In modern terms, electricity and magnetism were 
unified. 

In Table P4-1 we show the four currently 
known forces of nature along with their range of 
effectiveness, the particles that mediate (carry) the 
force, and the particles upon which they act. 

In the 1960s, experiment and theory showed 
that electromagnetism was also unified with the 
weak nuclear force into the electro-weak force. 
However, under conditions usually found in astro- 
physically interesting problems, the two are suffi- 
ciently different that we usually treat them as 
separate. 


P4-2 
BOSONS AND FERMIONS 


There are various ways of classifying particles. One 
of the most fundamental is by their spin angular 
momentum. For particles, we can really only mea- 
sure the square of angular momenta — S? = 
S +S = s(s + 1)h*. The bosons have integral (s = 
0, 1,2,...) spin, and the fermions have half-inte- 
gral (s = 1/2, 3/2, ...) spin. 

The two kinds of particles have very different 
properties. For example, the fermions obey the 
Pauli exclusion principle; this states that no two 
fermions can occupy the same quantum state. The 
consequences of this law include the details of 
atomic shell structure and electron degeneracy (an 
unusual state of matter from which white dwarf 
stars are made). Bosons, on the other hand, do not 
obey the Pauli exclusion principle and can be the 
carriers of the forces, but not all bosons carry 
forces. 


[TABLE P4-1) (yea) The Four Forces of Nature 


Coupling Carriers of Particles 
Force Strength Range Force Acted on 
Strong 1 10-5 m Gluons (total of Quarks 
nuclear 8 in 3 colors) 
Electromagnetic 1/137 Infinite Photons Any particle 
with charge 
Weak nuclear 1 x 1075 10718 m wt, wW-, 2° Quarks and 
leptons 
Gravitational i= Infinite Graviton (not Any particle 
detected yet) with mass 
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I TABLE P4-2| fyi) The Three Generations of Leptons 


Leptons Antileptons 
Symbol Name Symbol Name 
e__ electron + positron 
Vv, electron De electron antineutrino 
neutrino 
“ muon uw ~~ antimuon 
Vu muon Vy muon antineutrino 
neutrino 
7 tau minus a antitau 
Vz tau Vv, tau antineutrino 
neutrino 
P4-3 
LEPTONS 


Another means of classification is into leptons, 
quarks, and mediators. The leptons (see Table 
P4-2) are fermions that participate in weak, elec- 
tromagnetic, and gravitational interactions but do 
not participate in the strong interactions. They are 
truly fundamental particles and come in three gen- 
erations, each of which has its own neutrino. 


P4-4 
QUARKS 


The familiar particles, protons and neutrons, are 
not fundamental. They are made up of smaller par- 
ticles, the quarks. These are fermions that are not 
found except in combinations. They participate in 
all four forces, and there are also three generations 


I TABLE P4-3) P4-3 Q uarks 


Name Quarks Antiquarks 
Symbol Charge Symbol Charge 
up u +2/3 u -2/3 
down d = US d +1/3 
charmed c +2/3 ¢ —2/3 
strange s -1/3 3 +1/3 
top t +2/3 t -2/3 
bottom b =1/3 b +1/3 


of two each (whimsically called “flavors”) plus 
their antiparticles. The quarks are listed in Table 
P4-3. 

Why are quarks only found in combinations? 
Why are they never seen as individual quarks? An 
explanation comes from adding another property 
to their flavors. The new property is termed 
“color,” but it has nothing to do with real visual 
colors. Instead the term is just a different label for 
a new physical property. The colors are given the 
names blue (b), green (g), and red (r). A blue quark 
carries one unit of b and zero of g and r. One ex- 
ample of the usefulness of the color terminology 
comes from the following law: All particles found in 
nature are colorless. This explains, among other 
things, why quarks are not seen individually. Na- 
ture only allows the combinations: (1) b, g, 1, (2) b, 
g, and r—the antiparticles, and (3) c, c—meaning a 
quark of any color and a quark with the anticolor. 


P4-5 
MEDIATORS AND FORCES 


We have said that certain bosons carry or mediate 
the forces. How is this done? Consider the follow- 
ing analogy: Two people are slowly approaching 
each other on frictionless ice skates. They have a 
supply of snowballs and throw them at each other. 
As they transfer momentum by casting off mass at 
a velocity, they eventually stop approaching and 
ultimately recede—they have repelled each other 
by exchanging particles. Now, this is just an anal- 
ogy; the real exchange is somewhat different. For 
example, how would two skaters attract each other 
by an exchange. They could do it by throwing 
snowballs in the opposite directions, but this is not 
an exchange. In reality, the mediators carry both 
messages of attraction and repulsion. 

The mediators of the electromagnetic force are 
photons. In a bound state like the electron and pro- 
ton of a hydrogen atom, they continually exchange 
photons. In a scattering, two electrons exchange 
only one photon. In the weak force, there are three 
mediators—the W*, W~, and Z°. Each has a mass 
of about 100 times that of a proton, and they have 
all been experimentally detected. The strong force 
is mediated by gluons; each carries color so that 
they cannot be detected as individual particles. 
However, the “colorless” law would admit the pos- 
sibility of a bound combination of gluons as long 


as they have the right color combination. These 
particles may have been seen (controversial!) and 
are termed glueballs. 

We believe that someday gravitation may be 
brought into the quantum realm. If so, then pre- 
sumably the carrier would be a particle called the 
graviton. 


P4-6 
HADRONS 


Quarks make up particles of two kinds. The bary- 
ons are composed of three quarks with b, g, and r, 
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and the mesons are composed of two quarks with 
c and c. Antibaryons have anticolored quarks. The 
proton and neutron are fermions and are the most 
familiar baryons. Protons have the structure of (u, 
u, d) neutrons (u, d, d). Mesons are bosons, and the 
most familiar are the 7 mesons. 

One of the most important current problems in 
astrophysics is the nature of the dark matter, which 
was first discussed in Chapter P2. There is consid- 
erable evidence that the 110 elements of the peri- 
odic table, whose properties are determined by 
their nuclei and are hence termed baryonic matter, 
may not be the dominant form of matter in the Uni- 
verse. See Chapter 26. 


P5-1 
INTRODUCTION 


The understanding of stars is the key to modern 
astrophysics. Whether one is interested in smaller 
objects such as planets and comets or larger objects 
such as galaxies, stars play a central role as the cen- 
ters of planetary systems or the primary constitu- 
ents of galaxies. The evolution of stars determines 
much about the physical states of these systems. 


P5-2 
HYDROSTATIC EQUILIBRIUM 


You might wonder about how a ball of gas and 
plasma like a star remains stable against gravita- 
tional collapse or free expansion. Additionally, you 
might wonder how both stars and the primitive 
planets like Jupiter consist of the same elemental 
abundances (about 75% hydrogen, 24% helium, 
and 1% of everything else) yet appear so different 
to the eye. We suggest that you examine Chapters 
6 and 10 to understand some of these points. 

Here we look at hydrostatic equilibrium. We 
will assume a sphere of mass M and radius R. The 
only forces are gravitational and pressure forces. 
Concerning the latter, you need to remember that 
the units of pressure are force per area. If the pres- 
sures vary between nearby shells of material in a 
star, the shells will experience a force; see Figure 
P5-1. 

Here we find that the pressure force on the 
shell is 
(P5-1) 


f, = [Pouter ~ PinnerJAA 


or 


F, = (P(r) + @P/drAr — P()JAA = (dP/dr)ArAA 
P-20 


Figure P5-1_ A spherical shell of mass M and radius R 
experiences a force that can oppose gravity if there is a 
non-zero pressure difference between the inner and outer 
surfaces of the shell. 


Additionally, the mass interior to a radial distance 
ris given by 


m(r) = | p(r')4ar'2dr' (P5-2) 


0 


and this mass generates an inward acceleration 
given by 


g(r) = Gm(r)/r? 


The net force on a shell is then 


(P5-3) 
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Dividing by —Am = —p(r)ArAA, we find the equa- 
tion of motion of the shell to be 


—d?r/dt? = g(r) + [1/p()\dP/dr)  (P5-4) 


Physically realistic stars must have increasing den- 
sity and pressures near their centers. 

Equation P5-4 clearly states the requirement 
for stability of a star (or planet, gas cloud, etc.) [Sec- 
tions 4-3(A), 13-1(A), 16-1(A)]. The acceleration of 
a shell is zero when the pressure forces balance the 
gravitational forces. Later in this chapter, we will 
examine some stellar models (Chapters 16 and 17), 
but now we will see how sensitive this balance is. 
Observationally, most stars are quite stable. For ex- 
ample, fossil evidence indicates that the solar lu- 
minosity has been steady for at least hundreds of 


millions of years. Qualitatively, this stability can be - 


seen in the following: If a star’s outwardly directed 
pressure forces decrease slightly because. of cooling 
of the core, then the gravitational forces will cause 
the star to contract. From the virial theorem, we see 
that, for small changes, the potential energy will 
increase in magnitude (but decrease in an absolute 
sense). The kinetic energy will therefore increase in 
magnitude. Because the temperature of a gas is a 
measure of kinetic energy, the gas will be seen to 
heat up, and the pressure forces will increase. The 
opposite will happen if the core initially heats up. 
So the process is self-governing, and a star will 
tend to be very stable until something dramatic 
happens to upset the balance in a more substantial 
way. (Depletion of a particular nuclear fuel is an 
example that we will see shortly.) 

Let’s now return to Equation P5-4 and exam- 
ine the role of the virial theorem in a little more 
detail. Setting the acceleration equal to zero yields 


dP/dr = —Gm(r)p(1)/r2 (P5-5) 
If we multiply by 47r° and integrate, we get 


R R 
[ Amr3(dP/dr)dr = [ [Gm(r)p(r)4ar2/rldr (P5-6) 
0 0 


We will examine the left- and right-hand sides of 
this equation separately. The left-hand side will be 
integrated by parts to yield 


R 
| 4mr3(dP/dr)dr = [P(r)4rr7]8 


0 R 
— 3 | P(r)4ar2dr (P5-7) 


0 


The first term on the new right-hand side is zero 
because the r factor is zero at the center and the 
P(r) factor is zero at the surface. We can grossly 
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simplify the new right-hand term (but still find 
some use in it) by assuming that the pressure factor 
can be set equal to the average and taken out of 
the integral; hence, 


R 
i Amr>(dP/dr)dr = —3(P)V (P5-8) 


0 


where (P) is the average pressure and V is the vol- 
ume. Now, returning to the right-hand side of 
Equation P5-6, we know that it is just equal to the 
gravitational potential energy 


R 
U = [ [Gm(r)p(r)4arr2/r]dr 
0 


m=M 
= i [Gm(r)/r]dm (P5-9) 


where LI is used for potential energy (V was used 
earlier but would be confusing here) and M for the 
total mass of the star. Now we can combine Equa- 
tions P5-8 and P5-9 to see 


(P) = —U/3V (P5-10) 


This is just another form of the virial theorem; here 
we see that the average pressure is one-third the 
gravitational potential energy density. 


P5-3 
RELATIVISTIC AND 
NONRELATIVISTIC STARS 


Most stars are nonrelativistic; their dominant par- 
ticles are moving at speeds much lower than c. 
However, for the most massive, luminous stars, the 
dominant particles are, in fact, photons, which are 
certainly relativistic. Also, for white dwarfs near 
the Chandrasekhar limit (explained a bit more later 
in this chapter and in Chapter 17), the dominant 
particles are moving at relativistic speeds because 
of electron degeneracy. 

We will now relate the pressures in these two 
types of stars to gas dynamics. Consider a gas par- 
ticle with velocity v = (v,, vy, ¥,) and momentum 
p= (Px, Pyr Pz). If a box encloses N particles and 
has sides of length L, then 


P, = (N/L’)\(px0;) (P5-11) 
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where the bracketed term implies an average over 
all particles. If the motions are isotropic, then 


(pxVx) = (p + v)/3 (P5-12) 


Each face of the box will have a pressure given by 


P = (n/3)p °« v) (P5-13) 
where n = N/V 
Nonrelativistic Case 
Here 
piv = mv? (P5-14) 
So 


P = (2/3)n((1/2)mv?) 
= (2/3) density of K = 2K/3V 


Now from Equation P5-10, we find 
P = 2K/3V = —U/3V 


So the virial theorem holds and 


K = -U/2 
and 
E= —-K (P5-15) 
Relativistic Case 
Here 
p:v=pc (P5-16) 
So 


P = (1/3)n(pc) = (1/3) density of K = 1K/3V 
Now from Equation P5-10, we see that 
P = 1K/3V = —U/3V 
So the virial theorem does not hold because 
K=—-U 
and 
=0 (P5-17) 


Notice that the nonrelativistic star has a nega- 
tive total energy and is, therefore, gravitationally 
bound. However, the relativistic star has a total en- 
ergy equal to zero and is barely bound; these stars 
can be quite unstable—a small addition of energy 
would make them unbound. 


FREE-FALL 


We want to estimate the amount of time it would 
take for a shell of gas that is not in hydrostatic equi- 
librium to collapse. From Equation P5-3 and as- 
suming AK = AU (note that this system is not sta- 
ble and the virial theorem does not apply), we find 
that 


(1/2\dr/dt)* = Gmo/r — Gmo/to (P5-18) 


Now, inverting and solving for t, we find 
0 0 

tye = | (dt/dr)dr = -| [Gmo/r — Gmo/to]7/2dr 
ro TO 

We substitute the variable x = 1/19; then 


1 
trp = rev2amoy"” | [x/(1 — x)]!/2dx 
0 


Now we substitute again; here x = sin? 6 and the 
integral evaluates to 7/2. So 


te = V3ir /(32Gp) 


Notice that this is a function of p only! 

In practice, free fall does not generally come to 
completion. At some stage, a mechanism will arise 
for opposing the collapse. However, the free-fall 
stage can be applicable over a very large range of 
scales. As will be seen shortly, it is a very useful 
estimator of the timescales of formation for many 
objects. 


(P5-19) 


P5-5 
STELLAR ORIGINS: 
GRAVITATIONAL COLLAPSE 


We now assume the existence of a cloud with mass 
M, radius R, total number of particles N,-average 
particle mass m, and temperature T. The gravita- 
tional potential energy of this cloud is then 


U = -const X GMNm/R 


where the value of the constant is roughly unity 
and depends upon the distribution of the gas 
within the cloud. The total kinetic energy within 
the cloud is 


K = (3/2)NkT (P5-20) 


The critical condition for the collapse of the cloud 
is that |U| > K. Therefore, we can find a quantity 
called the Jeans mass that represents the mass 
needed within R in order for the cloud to collapse. 


M, ~ [kKTAG@)R (P5-21) 


A more physically satisfying means of stating this 
is the Jeans density 


py ~ 1/rM?)[kT/(Gm)P 


As an example, if Meoud ~ 2 X 1094kg 
(10,000Mo) and T ~ 30K, then py ~ 103 kg m%, 
which corresponds to about 10* molecules/m;. 
Note that if Mgioug were one solar mass, then the 
needed density for collapse would be 100 million 
times higher! This seems to indicate (and observa- 
tions agree) that stars are born in clusters; there 
must be a multistep process in which a large cloud 
begins to collapse and later, after it reaches much 
higher densities, fragment into protostars [Section 
19-3]. For a one solar mass cloud, the critical radius 
is 10!5 m, which is about a million times the radius 
of the Sun. From Equation P5-19, we see that free 
fall to a radius of 10" m (at which time free fall 
would be opposed by heating of the protostar) 
would take approximately 20,000 years. 


(P5-22) 


P5-6 
ESTIMATES OF THE INTERNAL 
STATE OF THE SUN 


Using Newton's generalization of Kepler’s third 
law, we can easily find the mass of the Sun to be 


Mo ~ 199 X 103° kg 


From its distance and angular size, we find Ro ~ 
6.96 X 108m. Therefore, the mean density of the 


Sun is 
(p) ~ 14 X 10°k gm (P5-23) 


Inserting this into Equation P5-19 yields a free-fall 


time of 
te =] /2 h (P5-24) 


Using the Equation P5-10 version of the virial 
theorem, we find that 


{P) = —(1/3)(U/V) ~ 10% Pa (P5-25) 


For comparison, note that the Earth’s atmosphere 
has a pressure of 1.01 x 10° Pa. 
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Finally, we can estimate the internal tempera- 
ture by means of the perfect gas equation of state 
P = kT. 


(P) = ((p)/m)K(T) 

If the Sun were pure hydrogen, then m would be 
0.5 amu because almost all the internal atoms are 
ionized. However, the presence of ionized helium 
raises the value to m ~ 0.6 amu. Then 

GMom 
KT) ~ 

(T) 3Ro 


(T) ~ 6 X 10°K 


= 0.5 keV 


(P5-26) 


P5-7 
NUCLEAR REACTIONS 


We have seen that the temperature of the collaps- 
ing protostar increases. At some stage, the densities 
and temperatures become great enough to allow 
for nuclear fusion reactions to occur. These are the 
primary energy production mechanisms in stars 
(Section 16-1). 

Nuclear fission is the process by which very 
large, unstable nuclei break apart into smaller 
daughter nuclei. Because the abundance of very 
large nuclei is quite small, this is generally of little 
interest in astrophysics. Fusion is the process by 
which smaller nuclei are joined into larger ones. 
Because hydrogen and helium are the most abun- 
dant elements in the Universe, this process is very 
important, and these are the most common fuels. 

How does the fusion process work? Table 
P4-1 shows that the electromagnetic force domi- 
nates for interactions with a scale length much 
greater than the size of a nucleus (1074-10-® m). 
In terms similar to those discussed in Chapter 2 for 
the effective potential energy of the gravitational 
two-body problem, the potential encountered when 
two protons (hydrogen nuclei) approach each other 
is a barrier rather than a well. If it were not for 
quantum mechanics and the nuclear forces, the two 
protons would never “touch”; they would be re- 
pelled. However, real particles in quantum me- 
chanical systems have a probability for tunneling 
through potential barriers. If this happens, the pro- 
tons can come close enough to “turn on” the weak 
or strong nuclear forces. Then, the particles can in- 
teract producing new particles or binding together 
into a larger nucleus. 
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We do not derive the probability for barrier 
penetration here. However, the resulting expres- 
sion is somewhat surprising and worth examining. 
The probability is 


p ~ e- (Ec/Ep)”? (P5-27) 


where Eg is the Gamow energy, defined by 
Ec = (1/137)(7Z,4 Zp)? mc? 


(Z4 and Zz are the atomic numbers of the nuclei.) 
and E, is the relative energy of the two nuclei. For 
two protons, the Gamow energy is Eg = 493 keV. 
For the temperatures at the Sun’s core, the average 
kinetic energies are E, = kT ~ 1 keV. Thus the bar- 
rier penetration probability is 


p~ e2 
From this extremely small possibility, we see that 
the solar furnace runs remarkably slowly. 

Our first example is the proton-proton chain, 
which is the primary energy-producing process for 
most stars. 


Proton-Proton Chain 
Step 1: 


ptpodte+y (P5-28) 


This interaction represents the fusion of two pro- 
tons. Here the d represents a deuteron, which is the 
nucleus of a deuterium atom. It is a heavy isotope 
of hydrogen consisting of a proton and a neutron. 
The other two particles on the right-hand side are 
the positron and an electron neutrino. 


Step 2: 


p+d—>%He+ y (P5-29) 


Here the 7He is an isotope of helium with two pro- 
tons and a neutron. The other particle on the right- 
hand side is a photon (gamma ray). 


Step 3: 


3He + 93He > 4He +p +p  (P5-30) 


Here the *He is the most common isotope of he- 
lium with two protons and two neutrons. 

Notice that the first step involves the weak nu- 
clear force. It, therefore, has a very small cross sec- 
tion. On average, it takes 5 x 10° years for a given 
proton to undergo this reaction. The second step 


involves the electromagnetic interaction and occurs 
in about 1s. The third requires turning on the 
strong nuclear force and, on average, takes about 
3 X 10° years. The first step is critical to the reality 
of our Universe. It is the gateway through which 
all other reactions must start, and it controls the 
speed at which hydrogen fuel is processed. If this 
step were not so unlikely, then stars would not last 
for very long! 

These reactions obey the conservation of quan- 
tum numbers. We have not thoroughly discussed 
all the possibilities, but we could, for example, as- 
sign electrons a lepton number of +1 and positrons 
a lepton number of —1, and you already are fa- 
miliar with electrical charge. Examine each of these 
three steps, and you will notice that the same totals 
for these quantities appear on the left- and right- 
hand sides of each interaction. 


P5-8 
POWER CONSIDERATIONS 


In Chapter P4, we saw that the equation E = mc? 


describes the conversion of mass to energy. How 
does this process relate to the proton-proton re- 
action in the Sun? For each of the three steps of the 
reaction, we could add up the masses of the left- 
and right-hand sides. In each, the right-hand sides 
have less mass; the difference in mass has been 
turned into energy. For each He nucleus that is 


created, there is an energy release of 26 MeV (or 


26 X 1.6 xX 10713J). The energy release comes in 
many forms. Those particles on the right-hand 
sides that have nonzero rest mass come out with 
increased kinetic energy; the photons and neutrinos 
carry away energy directly. (See Sections P5-10 
and P5-11 for more information.) The positron 
soon finds an electron and the two annihilate. 

On average each kilogram of the Sun’s material 
contributes 2 X 1074W of power. We intuitively 
understand that there is a tremendous amount of 
energy involved, but this comes from the huge size 
of the Sun. To illustrate: the average human pro- 
duces 10,000 times more power per unit mass by 
metabolic processes! Very little of the Sun’s total 
mass contributes to the energy production; this oc- 
curs just at the core. Still, 4 x 10°8 protons are con- 
sumed each second, and half that number of neu- 
trinos are generated per second. 


THE CNO CYCLE 


The proton-proton chain is not the only means by 
which stars “burn” hydrogen by turning it into he- 
lium. We find for the proton-proton chain that 
Enuc * T;4, where Enuc is the energy released per 
unit mass, and T, is the core temperature of the 
star. This relatively low temperature dependence 
does not account for the extraordinary luminosities 
of the brightest main-sequence stars (the most mas- 
sive young, blue supergiants). 

Another method for burning hydrogen uses 
carbon, nitrogen, and oxygen as catalysts (ie., these 
heavier nuclei aid in the process but do not get 
used up) 


pt+?’®C > BN + y 
The nitrogen nucleus decays as follows: 

BN > BC + e& + Vp 

p + 13C_, 4ny + y 

p+**¥N->hO+ y 
The oxygen nucleus decays as follows: 


BbQO>MUN+e +» 
p+ NC + 4He 


This process is much more temperature-sensitive. 
Here Enuc & T-!8. 


THE DIFFUSION OF RADIATION 


How do the photons produced at the center of the 
Sun reach the surface? They do not move directly 
from the core to the surface at the speed of light 
because they scatter off the electrons and nuclei. 
This scattering is essentially isotropic, so the pho- 
tons can be scattered backward as well as forward. 
This process of the diffusion of radiation has many 
applications in physics and is often termed the 
drunkard's walk or obvious reasons. We wish to find 
out how far from its origin a particle moves in this 
random manner. 
In vector notation, 


D=1i+h+ht+::: 
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If we assume that the lengths of all the random 
walks are equal and representative of some sort of 
average over the whole Sun, then 


|D?| = Nil? 
or 
D = VNI 


The reason for the square root (rather than having 
the distance be directly proportional to N) lies, of 
course, in the canceling effect of the random 
directions. 

How many steps does it take for real photons? 
We have already seen that 


N = Ro?2/I? (P5-31) 
and this is done in a time 
t = Rol (P5-32) 


It turns out in the Sun that | ~ 103m (very 
opaque!) so N ~ 107? and ¢ ~ 50,000 years! 

We will discuss the nature of thermal radiation 
in Chapters 8 and P6, but here we note that the 
photons, which are gamma and X-rays at the core, 
take on the thermal characteristics of each succes- 
sively cooler layer. By the time the photons reach 
the surface, they are the benign visible wavelength 
light. 


P5-11 
SOLAR NEUTRINOS 


Unlike photons, neutrinos leave the Sun’s core di- 
rectly. Neutrinos are extremely unlikely to interact 
with other particles because they appear to partic- 
ipate only in the weak interaction—the one with 
the smallest cross section. A typical neutrino could 
pass through about lly of lead before being 
absorbed! 

We saw earlier that about 2 X 10° neutrinos 
are produced each second. This yields a flux at the 
Earth’s surface of F, = 6.6 X 10'4/m2/s. The Davis 
experiment was the first to try to measure the flux 
of solar neutrinos. In a 100,000-gallon tank of clean- 
ing fluid located far underground in an old mine, 
this experiment looked for argon atoms via the 
interaction 


ve + 37Cl > 3Ar + et 
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Unfortunately, this interaction was not sensitive to 
those neutrinos produced by the proton—proton 
chain. (They were not energetic enough.) The ex- 
pected detection rate was 7.9 + 26SNU (Solar 
Neutrino Unit = capture rate per 10°° target nu- 
clei). The observed rate was significantly less 
—2.1 + 0.3 SNU. This difference is one of the most 
serious problems in modern astrophysics. What 
could be wrong? 


P5-12 
RED GIANTS 


What happens when the core of a star runs out of 
hydrogen fuel? Clearly, the core has many *He nu- 
clei, but these cannot fuse at the relatively low tem- 
peratures and pressures that H nuclei can. There- 
fore, the outward pressure forces lessen, and the 
core contracts. From the virial theorem we see that 
50% of the released potential energy escapes, but 
50% increases the kinetic energy and therefore the 
temperature also. Hydrogen burning begins in a 
shell around the core, but as the core approaches a 
temperature of 2 X 10°K, helium begins fusing. 
This process produces even more energy, which 
pushes the outer layers of the star outward. Such 
a star, as seen from the outside, looks very large 
and cool—a red giant. 
The processes that fuse helium follow: 


4He + 4He = 8Be 


This process of beryllium production is almost 
100% reversible because the 8Be nucleus is highly 
unstable—it decays in 107!°s (because it has 
greater mass than the two helium nuclei). How- 
ever, occasionally the beryllium nucleus does fuse 
with a helium nucleus to form an excited state of 
12C__indicated by an asterisk (*): 


4He + "Be = 7C* 


Again, almost all the carbon nuclei produced by 
this process decay back into the two nuclei that 
formed them. However, about 0.2% decay into a 
stable carbon nucleus by the reaction 


2Ct_»PC + et +e 


At this stage, the fusion processes have reached 
an important new level of activity. The ®Be barrier, 
which is the logical result of fusing two alpha par- 
ticle (He) nuclei has been passed through, and the 


triple-alpha process has created carbon. Thereafter, 
the route to fusing new nuclei via absorption of 
alpha particles can progress relatively rapidly by 
the following: 


4He + PC > °O + y 
4He + 16Q 5 2°Ne + y 
We can also have carbon burning: 
12C 4 12C _, 20Ne + 4He 
2C + 2C+2Na + p 
or 
RC + 2C3Mg tn 


Neon _ burning magnesium 


through 


can produce 


4He + 2°Ne > Mg + y 
And silicon can be created by oxygen burning: 
16O + 1O — 8Si + 4He 


Stars at this advanced stage of evolution have 
an onion-like construction with different concentric 
shells of differing composition. 


THE STATUS OF ELECTRONS IN STARS 


Here we ask two questions. First, Are the electrons 
in a Star relativistic or nonrelativistic? For a perfect 
gas, the kinetic energy of a particle is given by 
K = (3/2)kT.- For the Sun we find that K ~ 
10-3 mc? (ie., the kinetic energy of a particle is 
much less that the rest mass energy). Hence, the 
solar gas is nonrelativistic. Second, Are the elec- 
trons in a star dominated by classical or quantum 
mechanical considerations? Earlier in this chapter, 
we calculated the average density of the Sun. 
Knowing the solar composition, we can turn this 
estimate into a calculation of the number density 
of electrons, n, ~ 6 X 102? m73. Without deriva- 
tion, the number density at which quantum effects 
dominate is 


nq = [2amkT/h?2]°/? 


=3x1091m3 for the Sun (P5-33) 


We see that electrons in the Sun are neither rel- 
ativistic nor quantum mechanical, although in the 
core it is not too far from the latter. For example, 


if the Sun’s core were to contract, n, would increase 
faster than Ng, and the core would become degen- 
erate. In an electron-degenerate system, the Pauli 
exclusion principle prevents free electrons from oc- 
cupying low energy levels; those quantum states 
are all filled. So, there are a large number of tightly 
packed, highly energetic electrons. 


P5-14 
EQUATIONS OF STATE 
The perfect gas equation of state is 


P = nkT (P5-34) 
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For a nonrelativistic degenerate gas, the equation 
of state is 


P = K,,n°/3 
where 
Kny = (h?/5m)[3/8n]?/? (P5-35) 
For an ultra-relativistic degenerate gas, 
P = K,yn*/ 
where 
Kur = (he/4)[3/8n]'/° (P5-36) 


Note that the equations of state for the degenerate 
gases no longer depend upon temperature. 


tem Radiation Processes 


In the last five chapters, we have tried to present a 
different means of organizing some of the impor- 
tant physical concepts in astrophysics. Occasion- 
ally, we introduce material not found in the rest of 
the text, which is organized in more of an astro- 
nomical context. However, some sections of the 
main body of the text are organized by physical 
topic. Chapter 8 is one of these. If you wish to ob- 
tain a complete introduction to astrophysics, then 
you ought to read Chapter 8 along with this chap- 
ter. The present chapter presents supplementary 
material such as a derivation of blackbody radia- 
tion and a suggestion about how synchrotron ra- 
diation is derived. 


P6-1 
INTRODUCTION 


Unlike the situation in almost all other sciences, in 
astronomy we cannot perform experiments with 
the objects we study. We therefore must be very 
clever in using whatever information the Universe 
chooses to send us. Most of this information is in 
the form of electromagnetic waves. Here we intro- 
duce the two most important forms of continuum 
radiation, the Planck blackbody radiation and syn- 
chrotron radiation. 

In astrophysics, we make much use of the 
terms thermal and nonthermal. Thermal processes in- 
clude absorption, emission, and scattering. These 
describe interactions between photons and the ma- 
terial components, which include electrons, ions, 
and atoms. In scattering processes, the photons 
may be redirected by the interaction, but their en- 
ergies remain (approximately) unchanged. Elec- 
trons may scatter photons by the Thomson or 
Compton mechanisms. The former occurs in the 
low-energy regime (hv < kT), and the electrons 
are considered to be forced to oscillate by the elec- 
tromagnetic field of the photon. Compton scatter- 
ing is better pictured as a collision of a “hard” (ie., 
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highly energetic) photon with an electron. Ray- 
leigh scattering occurs when a photon excites an 
atom, and the atom quickly de-excites by emitting 
the same wavelength photon, albeit in a different 
direction. 

Thermal absorption processes differ in that 
they generally redistribute the photon energies as 
well as their directions. Examples are: 


1. Photoionization (also known as_ bound-free 
absorption)—In this process the photon energy 
is sufficient to ionize the originally bound 
electron. 


2. Photoexcitation (also known as bound-bound 
absorption)—In this process the photon energy 
adds to the internal energy of the atom by rais- 
ing an electron to a higher bound state. 


3. Free-free absorption—This is a three-body pro- 
cess in which an electron absorbs the photon 
while in the electromagnetic field of a neighbor- 
ing positive ion. The electron then moves on a 
different hyperbolic path around the ion. (The 
electron scattering processes are two-body 
interactions.) 


Each of these absorption processes has its in- 
verse. The inverse to (1) is recombination, to (2) is 
radiative de-excitation, and to (3) is brehmsstrah- 
lung. In the first two processes and their inverses, 
the bound states resulting from the emission pro- 
cess will, in. general, be different from that of the 
initial state of the absorption process. 

Note that there is some inherent blurring of the 
distinctions between scattering and absorption/ 
emission. Note also that thermal processes include 
both line producing (bound-bound) and contin- 
uum (bound-free, free-bound, and free-free) mech- 
anisms. 

The astrophysically important nonthermal ra- 
diation processes are easier to enumerate than de- 
fine. One is masers, which are analogous to lasers 
but operate in the microwave region instead of the 
visible. Many natural masers have been detected 


from molecular complexes in our galaxy, and re- 
cently some have been found in nearby galaxies. 
The inherent nonthermal nature of masers comes 
from their reliance on stimulated emission of pho- 
tons, whereas thermal sources rely upon colli- 
sional or spontaneous radiative processes. We will 
not deal with masers in this part of the course. 

The second type of nonthermal sources pro- 
duces emission by synchrotron radiation. The in- 
herent difference between this process and thermal 
processes lies in the fact that the electrons must be 
moving at near-light speeds and hence have rela- 
tivistic attributes. We will deal with synchrotron 
radiation later in this chapter. 


P6-2 
INTENSITY 


We make great use of intensity. It is defined in 
terms of the energy that passes through a given 
area dA in a given solid angle dQ per unit fre- 
quency dy per unit time. The following equation 
(see Figure 8—7) introduces I: 


dE = I,(k, x, t)k « ndA dQ dvdt 


The units are joules m“*s Hz! steradian?. 
Here, we have introduced the wave vector, k = 
(w/c)n = (v/27c)n, whose amplitude is the wave 
number. An important use for k is that k - ris the 
phase of a wave. 

One of the reasons that intensity is important 
is that, in the absence of radiation sources or sinks, 
it is independent of the distance between the source 
and the observer. Note, however, that the receiv- 
ed radiation will fall off as r because the solid an- 
gle of a given area element has this functional de- 
pendence. 


(P6-1) 


PLANCK RADIATION 


The Planck blackbody distribution is one of the 
most fundamental concepts in astrophysics. It is the 
mechanism by which thermal sources emit their 
continuum radiation. A key element of thermal ra- 
diation lies in the fact that there is sufficient inter- 
action among all constituents (particularly the pho- 
tons and the gas particles) to distribute energies in 
a statistical manner (Section 8-6). 
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We introduce the distribution function F,, 
which is used in the sense that F,(x, p, t)d3x d3p 
gives the number of photons of spin state a (there 
are two spin states) at time ¢ within the volume 
(d3x d>p) of phase space. 

Now we sum up all the photons in the desired 
volume of phase space and multiply by hy to find 
the energy 


2 
dE = > hvF,(x, p, t\(d3x d3p) (P62) 
a=1 


The spatial volume is given by 


d>x = (cdt\k - dA (P6-3) 
And using p = fk = (hv/c)k, we find that 
d3p = p2dp = (h3v2/c3)dv (P6-4) 


Comparing Equations P6—1 through P6—4, we see 
that 


2 

I, = > [h4v/c?]B,(x, p, t) (P6-5) 
a=1 

In quantum mechanics, h? is the fundamental unit 

of phase space volume. We can now define the oc- 


cupation number (the number of photons in the spa- 
tial volume) as 


ee ad os (P6-6) 
Therefore, we can write Equation P6—5 as 
2 
1, = > [hvc?]Na(x, pt) —- (P6-7) 


a=l1 


Statistical Properties of Particles 


The occupation number is different for fermions 
and bosons (which obey Fermi-Dirac and Bose- 
Einstein statistics, respectively): 


Fermi-Dirac: 


ll 


Ny = W(eh/*T + 1) (P6-8) 


Bose-Einstein: 


Ny = I/(er/*T — 1) (P6-9) 


Putting Equation P6-9 into P6-7 yields the fi- 
nal result for the form of the blackbody radiation 


(see Figure 8-14A). 
B, = I, = (2hv%/c?)K(e"™*T — 1) (P6-10) 


Note that the spectrum (functional form of I ver- 
sus v) is entirely described by the temperature of the 
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system. One cannot distinguish different materials 
at the same temperature from their continuum 
spectra alone; we must wait for a discussion of line 
radiation in order to do chemical analyses. 


P6-4 
CYCLOTRON RADIATION 


As we build toward synchrotron radiation, we 
need first to consider the radiation caused by non- 
relativistic electrons in magnetic fields—cyclotron 
radiation. The force on a charged particle is given 


by 


F = gE + v x B) (P6-11) 


If we now assume that the electric field is zero, we 
find the Lorentz force 


F = qv X B (P6-12) 


Now let us consider the two components of v 
(i.e., v, and v, with respect to B). 


Parallel 


v, < B = 0; there is no force, and the particle’s mo- 
tion is uniform. 


Perpendicular 


v, X B = vB # 0; there is a force, and the par- 
ticle’s motion is circular; the magnetic force is the 
centripetal force. 

The net motion is helical. Switching to cgs units 
in order to bring c into the equation, we set the 
Lorentz force equal to the centripetal force: 


(q/c)v ,B = mv 47/7; but w = v4/r 


So 


2 


qorB = mw*r 


Figure P6-1 Relativistic beaming. If 
viewed along the direction of motion, a 
relativistic particle emits beamed radia- 
tion—more energy is directed into a 
smaller solid angle. 


Finally, we find the cyclotron frequency 


w, = 27v, = gB/(mc) (P6-13) 


If we imagine looking at an electron moving in 
a magnetic field in a frame moving at v, but located 
somewhere along the path of the electron, then the 
motion is circular with the frequency already 
given. If we look at the electron from a point in the 
plane of gyration outside of the circle of gyration, 
the motion looks like a harmonic oscillator with the 
same frequency. Classical electromagnetic theory 
shows that an accelerating electrical charge emits 
electromagnetic radiation whose frequency is that 
of the electron motion. Hence, we would see such 
radiation, and its polarization would be linear, el- 
liptical, or circular depending upon the orientation 
of the observer. 


SYNCHROTRON RADIATION 


The difference between cyclotron and synchrotron 
radiation comes from the fact that the electrons are 
moving at relativistic speeds in the latter case. The 
full derivation of synchrotron radiation is beyond 
the level that we aim for, but we have the basis for 
understanding many of the important nuances. 


Relativistic Gyrofrequency 


The relativistic frequency differs from the cyclo- 
tron frequency—by the logical factor of y. The ex- 
pression is 


ws = w-/y = qB/(ymc) 


Beaming 


Another important relativistic effect is that of 
beaming. Figure P6-1 illustrates the angular dis- 


tribution of radiated power in both the nonrelativ- 
istic and relativistic regimes. In each, the electron 
(protons are too massive to achieve relativistic 
speeds at the same energies) is moving in the di- 
rection of v and receives an acceleration in the di- 
rection of v. Much more power is radiated into a 
smaller angle in the relativistic case; thus we see 
that the intensities can be very high. 

Consider an observer in the plane of gyration. 
Because of the beaming, the observer would see a 
series of pulses spaced 27/w, apart in time, and 
each pulse would last only the fraction A@/27 ~ 
(1/2)ay of the period. Another factor of y? hap- 
pens because of time dilation. A first guess might 
be that time dilation provides only one power of y, 
but it comes from expanding the cosine term in the 
ratio of relativistic to nonrelativistic intervals be- 
tween first and last illumination by the pulse in 
each cycle: 


cosx = 1 — x2/2! + x4/Al + --- 
So 


dt/dr = 1 — Bcos A6 
~1—- B+ BAe?/2« y? (P6-14) 


The received pulse looks like that shown in Figure 
P6-2. 

If we were to perform a Fourier analysis of this 
pulse, we would find significant power all the way 
from w, = Ywg to y°w;. For a magnetic field 
strength of B = 1075 gauss, which is typical for a 
radio galaxy, the photon frequency of the cyclotron 
radiation would be about 30 Hz. However, we ac- 
tually observe these objects at gigahertz frequencies 
in the radio regime and at frequencies of v ~ 
10'4-10!5 H, in the optical, so we can estimate that 
y can lie in the range y ~ 10°-10°. 
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Time 


Figure P6—2 Pulse separation and width for a single 
relativistic electron in a B field. 


For a single electron, the frequency distribution 
of the emitted radiation would not be continuous; 
it would be a Fourier series with frequencies at all 
the harmonics. However, real situations would al- 
ways have a distribution of electron energies. If 
n(y)dy is the number density of electrons with en- 
ergies between ymc* and (y + dy)mc?, then the 
emitted source function would be 


jv = | < Piy) > niy)dy — (P6-15) 
1 


Now, from our experiences with high-energy par- 
ticles—primarily the cosmic rays—we find that es- 
sentially all such sources seem to have the dis- 
tribution 


ny) dy = noy Pdy (P6-16) 


where p typically ~ 2.5. This assumption is ex- 
tremely powerful in that it drives the integral in 
Equation P6-23 to also be a power law, and the 
source luminosity becomes 


[gis [ jydV x yp (PVW/2 (P6-17) 
Volume 


wie Cosmology 


Modern cosmology, the study of the Universe as a 
whole, had its inception in 1915 with Einstein’s in- 
troduction of General Relativity (GR). The full 
mathematical development of GR is beyond the 
scope of this book. However, one goal is to develop 
physical intuition, and we can see important qual- 
itative aspects of GR quite easily. We will then ex- 
amine how GR describes possible cosmological 
models. 


P7-1 
GENERAL RELATIVITY 


Special Relativity in Chapter P3 was limited to in- 
ertial reference frames. It took Einstein about ten 
years to extend the limitations of special relativity 
to include noninertial frames in General Relativity. 
Like SR, GR is expressed in terms of the four- 
dimensional spacetime. However, in GR the space- 
time is, in general, curved. 


The Principle of Equivalence 


In a Newtonian description, a frame that is free fall- 
ing just above the Earth’s surface is being attracted 
to the Earth by the force of gravity. Einstein noted 
that a body free falling in or near our free-falling 
frame would appear unaccelerated unless some 
nongravitational force were also acting on it. There- 
fore, the effects of acceleration and the effects of 
gravitation are indistinguishable. This is a state- 
ment of the Equivalence Principle. Note that it is 
only locally true; for example, two objects falling 
toward the Earth will draw nearer to each other 
because the directions of their paths intersect at the 
Earth’s center. 

There is a subtle but important point about 
masses contained in the Equivalence Principle. 
Newton’s second law contains inertial mass, but 
Newton’s law of gravitation contains gravitational 
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mass(es). These two definitions of mass are not de- 
manded to be equivalent in Newton’s theory, but 
they are in GR. We note that experiments have 
shown them to be equal to one part in 10. 

A more comprehensive statement of the Equiv- 
alence Principle is: The laws of physics appear the 
same in frames that are free falling in a gravita- 
tional field as those observed in an inertial frame 
in the absence of a gravitational field. 

In GR we again employ the four-dimensional 
coordinate systems. We refer to the coordinates as 
x', x° will represent the time coordinate, and x!, 
x?, and x3 will represent the spatial coordinates. 
The Equivalence Principle then states that the laws 
of physics should be expressed by the same equa- 
tions no matter what coordinate system is used. 
Equations of this type are said to be covariant. 
Therefore, the Equivalence Principle is also the 
Principle of Covariance. The equations of SR are 
not generally covariant; they hold only for inertial 
frames. 


Tensors and Such 


So far, we have dealt with scalar and vector quan- 
tities, but we now need to work with a more com- 
plicated mathematical structure—tensors. Scalars 
are tensors of rank zero and are represented math- 
ematically by numbers alone. Vectors are tensors 
of rank one and are represented by one-dimen- 
sional arrays. Here, we are interested in tensors of 
rank two, and matrices represent them. 

The fundamental idea about covariance is that 
we can define tensors in any coordinate system as 
a number of functions of the coordinates. In any 
other coordinate system, we then calculate the new 
coordinates if the transformation of the two sys- 
tems is known. With tensors, the equations for 
transformation for their components are linear and 
homogeneous. So, if all the components vanish in 
the original coordinate system, they will vanish in 


the new system (i.e., if we write a law of physics 
in which all the components of a tensor vanish, it 
will be generally covariant). 


Covariant and Contravariant 
4-Vectors and Tensors 


We define a covariant 4-vector to be transformable 
by 

dx}, = >) (axt,/ax,)dx, (P7-1) 
Similarly, we define a contravariant 4-vector to be 
transformable by 


dx'* = >" (axj,/ax,)dx” (P7-2) 
v 
In GR there is a simplified way of writing these 
equations. A summation rule states that anytime 
we see two identical indices, a summation is im- 
plied. In this manner, Equation P7-1 would be 
written as 


ax, = (0x,/dx,)dx, (P7-3) 


Extending the notation for 4-vectors to four- 
dimensional tensors of the second rank, we find 
that a covariant tensor is transformed by 


Any = (0%6/0%)(0x,/0%))A gr (P7-4) 
and a contravariant tensor by 
Ae” = (8x;,/ OX g)(dx,/dx,)A (P7-5) 


Tensors of mixed covariant and contravariant in- 
dices may be formed in an obvious manner. 

In Cartesian coordinate systems, there is no 
practical difference between covariant and contra- 
variant vectors and tensors. Therefore, students 
have very little intuitive experience in distinguish- 
ing them. The name of the Principle of Covariance 
does not mean that contravariant tensors violate 
the principle. 


Invariance of the Interval 
and the Metric Tensor 


In Chapter P3, we discussed the interval ds? and 
showed that it is invariant under Lorentz transfor- 
mations. A similar definition applies in GR. Here, 


we have 
ds* = g,,dx, dx, (P7-6) 


The dx,, and dx, are contravariant vectors that may 
be chosen at will to define a coordinate system. 
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This defines the metric tensor g,,,; notice that the 
metric of SR can be obtained from Equation P7-6 
if 

800 801 802 803 
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Here, we have used a slight redefinition of coor- 
dinate systems. We have adopted the convention 
that c = 1 so that the diagonal values of the matrix 
have unit absolute value in order to emphasize the 
flatness of the SR coordinate system. 

The GR metric of Equation P7-6 allows for 
more general spaces than that of SR because the 
Suvs may differ from those of Equation P7-7. Al- 
though there are 16 components to the metric ten- 
sor, only 10 are independent because it is a sym- 
metric tensor (i.e., Su» = Si). The metric tensor 
describes the curvature of spacetime, and we will 
see as we progress that the curvature replaces the 
Newtonian concept of a gravitational field. It is 
hard to get a feeling for the size of the metric ten- 
sor’s components in various physical systems. 
However, we note that at the surface of a neutron 
star (a very strong gravitational field!) the compo- 
nents differ from those of Minkowsky spacetime 
(that of flat SR) by only about 10%. 

Figure P7-1 illustrates the Cartesian coordi- 
nates of SR compared to the more general coordi- 
nates of GR. The equivalence principle means that 
at any point a set of coordinates could be chosen 
such that the metric behaves locally like the SR 


Figure P7-1 Orthogonal Cartesian and general nonor- 
thogonal coordinates. Note that the interval between two 
events must be independent of coordinate systems. 
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metric (i.e., no gravitational field). In general, how- 
ever, a flat metric will not describe a finite region 
of spacetime—meaning physically that no inertial 
frame will adequately describe the whole of a 
spacetime in which there is curvature caused by the 
presence of mass. 

Note that the interval ds? in GR behaves much 
as it did in SR where we encountered space-like 
(ds* > 0), time-like (ds? < 0), and null (ds? = 0) 
intervals. Because the different signs of the diago- 
nal elements—the time-time (00) component and 
the space-space (11, 22, or 33) components—of the 
metric of SR carries over into GR (SR must be a 
limiting case of GR), the interval can again be pos- 
itive, negative, or can vanish—even if the spatial 
terms are nonzero. The difference in signs makes 
the metric indefinite, and the signature of the metric 
is defined as the difference between the number of 
positive and negative diagonal elements g,,,. In 
contrast, the 3-space of Cartesian coordinates are of 
like sign and that space is definite. This property is 
invariant—it applies to any coordinate system in 
the space in question. 


Geodesics 


How do particles move in spacetime? The answer 
is that they follow extreme paths, which we call 
geodesics. The term extreme comes from the cal- 
culus where we find either minima or maxima of 
functions by means of setting derivatives equal to 
zero. (But we don’t know which extremum has 
been found without also calculating the second de- 
rivative.) Analogously, of all paths between two 
points in flat space, a straight line is the shortest 
(extreme) distance. Therefore, in SR, which has no 
gravitation, particles travel in geodesics that are 
straight lines. One aspect of the genius of Einstein 
was to realize that in GR particles travel in geo- 
desics with time-like values of the interval; photons 
travel along null geodescis. It is sometimes trou- 
bling to first realize, however, that the time-like ge- 
odesics in GR are the maximal intervals rather than 
the minimal intervals in straight lines of 3-space. 
Again, the important thing about geodesics is that 
they are extrema—not which kind. One way to 
think of the GR geodesics is that they are related 
to the proper time of a world line. All other ob- 
servers would have clocks running slower because 
of time dilation, so the proper time is the maximum 
value. 


The difference in motions between SR particles 
and GR particles is that an observer in an inertial 
frame will see the GR geodesics as curving lines; 
particles will appear to be accelerated even though they 
are just traveling along the “natural” path dictated by 
the metric. The acceleration (or force) of gravity is 
just a result of the curvature of spacetime. Also, 
because the interval is invariant under coordinate 
transformations, geodescis are defined in a covari- 
ant way and therefore can be used to describe real 
physics under the Principle of Covariance. 

There is a fundamental difference between 
paths in 3-space and those in spacetime. Between 
any two points in space, there are an infinite num- 
ber of possible paths. For example, in a ballistic 
problem, we could send a projectile to a distant 
point by any number of combinations of speed and 
angle of trajectory. Yet, in spacetime, there is only 
one possible time-like geodesic between two points 
because the time element is important also. In 
spacetime we travel on world lines between two 
events rather than on paths between two points. 


The Field Equations 


Just how did Einstein relate the curvature of space- 
time to the presence of mass? He needed to find 
analogs to Laplace’s equation V?® = 0 (no mass 
present) and Poisson’s equation V*® = 4zp (when 
mass is present). The metric tensor describes space- 
time; in the absence of mass, its components should 
be constant. A necessary and sufficient condition 
for this to be true is that the Riemann-Christoffel 
tensor, which is constructed from the metric tensor, 
must vanish. The equivalent of Laplace’s equation 
is that a form of the Riemann-Christoffel tensor 
must vanish (i.e., R,, = 0). (No other tensor has 
the necessary properties.) 

Next Einstein needed to find a tensor whose 
components vanish and that is analogous to the 
density that appears on the right-hand side of Pois- 
son’s equation. This tensor is known as the stress— 
energy-momentum (or just energy-momentum) 
tensor and, for a perfect gas, is given by 


p 000 

_{0 P O O 
Tuy = 0 0 P 0 (P7-8) 

000 P 


The time-time component is the equivalent proper 
mass density—composed of the rest mass density 


P7-2 


plus the density of the mass equivalent to all pres- 
ent energy including electromagnetic fields. The 
space-space components are the physically mea- 
surable pressure. Don’t be too concerned about the 
different physical quantities that appear in this ten- 
sor—all components of tensors should have the 
same units. In this regard, remember that the time- 
time component of the SR metric is really not —1 
but —c?; we just let —c? = —1 for convenience. p 
and P differ by a factor of c? also, and p and P are 
seen not to be independent quantities. In a manner 
similar to electric and magnetic fields, pressure and 
density appear differently to different observers 
but are part of a more fundamental quantity de- 
scribed by the tensor that represents them. 

For technical reasons beyond our needs, Ein- 
stein could not just set R,, = Ty». Instead, his field 
equations are 


Ruv — SuvR/2 = —kTyy + 2A — (P7-9) 


Here R is a scalar obtained from the tensor R,,,, and 
A serves the role of a constant of integration and 
is called the cosmological constant. Although there 
are formally 16 components represented here, sym- 
metries make many of them redundant. There are 
four arbitrary functions contained in the solutions. 


P7-2 
THE ROBERTSON-WALKER 
METRIC AND SOLUTIONS 


Trying to find a simple description for the obvious 
complexity of the Universe might seem a difficult 
matter. However, if we make the most reasonable 
assumptions of homogeneity and isotropy, then 
the problem becomes tractable. Homogeneity im- 
plies that beyond some (currently unspecified) 
scale length, a sample volume differs insignifi- 
cantly from all other volumes. Isotropy is a special 
case of homogeneity and says that the Universe ap- 
pears the same in all directions. 

These two assumptions are a necessary and 
sufficient condition for using the Robertson- 
Walker metric to fully describe Equation P7-6. All 
forms can be reduced to 


ds* = c*dt? — R(t) 
x [dr2/(1 — kr?) + 1?(d0? + sin? 6d¢2)) 
(P7-10) 


The Robertson-Walker Metric and Solutions P-35 


The r, 6, and ¢ in this equation are comoving 
coordinates. A test particle in an expanding Uni- 
verse would maintain the same coordinates. The 
expansion (or contraction or whatever) would be 
described by the R(t) function, known as the scale 
factor. The constant k defines the topology of 
the curvature of the spacetime in the’ following 
manner: . 


+1 closed spherical 
k= 0 critical flat (P7-11) 
-1 open _ saddle 


We discuss the curvature in Chapter 25 and later 
in this chapter. 

We can now specify Einstein’s field equations 
by putting the Robertson-Walker metric and the 
ideal gas form of the energy-momentum tensor 
into Equation P7-9. We then find the time-time 
equation to be 


Too =» 8mGp(t)/c? = (3k/Ro*)(Ro/R)? 


+ (3/c2)(R/R)2 — A (P7-12) 
The space-space components lead to 
Ty = 87GP(t)/c* = —(k/Ro?)(Ro/R) 

— (2/c?)(R/R) 

— (1/c?)(R/R)* + A (P7-13) 
Solutions to these equations follow: 
(d/dt)(pc?R*) = —P(d/dt)(R*); (P7-14) 


the first law of thermodynamics 
and 


R/R = -—(4nG/c2)[P + pc2/3] + Ac?/3 


an equation of motion (P7-15) 


Einstein was concerned when he saw that 
Equation P7-15 predicted a dynamic Universe—ei- 
ther expanding or contracting. Because Hubble had 
not yet shown either the existence of galaxies other 
than the Milky Way (1924) or the expansion of the 
Universe (1929), Einstein could not believe that the 
Universe was anything other than static. So this is 
the real reason that he introduced the cosmological 
constant seen in Equations P7-9, P7-11, and P7-12; 
it could be “adjusted” so that the Universe re- 
mained static. 

If we now set A = O and P = 0 (today, at least, 
P < pc*), then Equations P7-14 and P7-15 
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become 


(d/dt)(pR?) = 0 


the conservation of mass (P7-16) 
and 
R/R = —4nGp/(3c?) 
a form of Newton’s second law (P7-17) 


Basics of Observations 


We define the redshift to be a function of the emit- 
ted and observed wavelength of electromagnetic 
radiation to be 


z= (cbs a Aem)/Aem (P7-18) 


If two crests of a wave are separated in time, then 
the later one will have its wavelength increased by 
a factor of R(to)/R(t,) because of the expansion of 
the Universe. Therefore, we can write the Lemaitre 
equation as 


1+2z=R,/R, (P7-19) 


where the fraction represents the fraction of the 
values of R(t) at the time of observation and emis- 
sion of the light. Note that, if R is an increasing 
function of time, then the light will be redshifted. 
This is caused by the expansion of the Universe 
rather than a velocity as in the normal Doppler 
effect. However, we still refer to redshifts in sym- 
bolic velocity units for nearby galaxies. The Coma 
cluster, for example, lies at a redshift of about 7000 
km/s. For more distant objects, we quote redshift 
in dimensionless units of z. The most distant qua- 
sars we know of have z > 4. 


The Hubble and Deceleration Parameters 
We define the Hubble parameter (often called a 
constant but obviously not if one could wait long 
enough) to be 


H = R/R (P7-20) 
And the deceleration parameter is 
q = —R/RH? (P7-21) 


The current values of these two quantities are often 
denoted by a subscript of zero. Note that it is rea- 
sonable to believe that the Universe would have its 
expansion slowing with time because of the mutual 
gravitation of all particles it contains. So, we would 
expect that R < 0 and qo should therefore be pos- 


itive. Putting Equations P7-20 and P7-21 into 
Equation P7-17, we find 


Po = 3Ho*qo/(477G) 
Using Ho = 75 km/s/Mpe, we find 
po ~ 2 X 10° 7%q9 gem? (P7-23) 


(P7-22) 


Hubble’s Law 


We can derive Hubble’s law (Section 22-2) from 
the preceding discussion. In the Robertson-Walker 
metric, if we set dt = d@ = dd = 0, then 


ds = R(t)dr/V1 — kr? 


Now, for r << R, the denominator approaches 1, so 


(P7-24) 


ds = R(t)dr (P7-25) 
and then 
s = R(t)r (P7-26) 
Now, velocity = s = Rr, but 
Rr = (R/R)s = Hs (P7-27) 
Finally, 
v = Hs (P7-28) 


Note that the only assumption here is that the 
Robertson-Walker metric holds. Hubble’s law is de- 
manded by the assumption of homogeneity and 
isotropy of the Universe. 


P7-3 
THE THERMAL HISTORY 
OF THE UNIVERSE 


We next examine the history of the energy density 
of the two major components of the Universe. The 
material component has U,(t), which is approxi- 
mately given by the rest mass energy divided by 
the volume. (Compared to rest mass, all other 
forms of energy such as internal or potential energy 
are small.) Therefore, U,(t) « 1/R3(t) because the 
volume expands with the general expansion. 

The other major component of the Universe is 
that of the photons that come from the cosmic 
background radiation (CBR). How does the energy 
density of the radiation vary with time? The num- 
ber density of photons goes as 1/R?, and the energy 
of individual photons goes as 1/R because they 
have been redshifted. Therefore, U,(t) « 1/R4(t). 


log U (energy density) 


Decoupling 
Epoch 


log R(+) 
Figure P7-2 The thermal history of the Universe. To- 
day the energy density of the matter dominates that of 
the cosmic background radiation, but the reverse was 
true before the decoupling epoch. 


At the present time, U, < Ug, but if we project the 
time dependence of both U, and U, back into the 
past, we would find a time when U, > Ug. This 
is known as the radiation era. See Figure P7—2. The 
energy density was high enough for the hydrogen 
and helium of the Universe (essentially the only 
two elements present) to be totally ionized. The 
large number of energetic photons were coupled to 
the gas by the processes of Thomson and Compton 
scattering with electrons. By this mechanism, the 
thermal history of the gas was determined by the 
thermal properties of the radiation. This coupling 
continued until T became small enough for the 
electrons to join the ions to form neutral atoms; this 
happened quickly at the moment we term the de- 
coupling epoch. 

To estimate the time of the decoupling epoch, 
compare the temperatures of the present-day Uni- 
verse (about 3 K) to the temperature at the time of 
decoupling (about 3000 K). Because T « 1/R, 


Ro/R decoupling ~ 1000 ~ 1 + Zdecoupling (P7-29) 


There is a huge gap in redshift space between the 
most distant quasars that have z ~ 4 and the red- 
shift of the CBR. The time gap is not so large. If the 
Universe is 15 to 20 billion years old, the formation 
of galaxies and their component stars and clusters 
happened about two-thirds of the way back in 
time. In comparison, the decoupling epoch oc- 
curred about 300,000 to 500,000 years after the Big 
Bang. 

Observations show that the CBR has a black- 
body spectrum today. How has the radiation 
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evolved? The answer is that it maintains its black- 
body character with time. The proof is based on the 
assumption that the number density of photons re- 
mains the same in comoving coordinates. The only 
way that this would not happen is through absorp- 
tion or emission processes in the gas, but the ratio 
of the number of photons to the number of baryons 
is about 10!° so the gas could not substantially 
change the number of photons. The number of pho- 
tons in a volume of space is 


dN = 82vVdv/[c3(e"/kT — 1)] (P7-30) 


Now if we examine the frequencies of the photons 
at time ft, and ty, we would find 


Vy = (Ra/Rb) va 


and dv, = (Ra/Rp)dvy (P7-31) 


So the number of photons at time ty is 


dN, — dN, 
a 82rv,7(Ra/Rv)*Va(Ro/Ra)?dva(Ra/Re) 
= ~ [eS(ehRe/kTaRa — yp 


(P7-32) 


The expansion terms all cancel in the numerator, 
and Equation P7-32 has the standard blackbody 
form if the new temperature is 


T, = (Ra/Ri)Ta (P7-33) 


P7-4 
CURVATURE 


One of the most interesting concepts in GR and cos- 
mology is the idea that the Universe could be 
curved. One way to investigate curvature is by 
analogy with the scalar curvature 1/r? that describes 
the shape of circles and spheres in flat space. 
Spheres with larger radii have smaller values for 
the curvature—they are closer to being flat than 
spheres with small radii. In cosmology, we intro- 
duce a similar curvature defined as 


kc?/R2 = Ho2(2qo — 1) = Ho2(Q9 — 1) (P7-34) 


We introduce 1, the density parameter, in this 
equation; it has the value of twice the deceleration 
parameter. If Qo = 1 (the critical density), then the 
Universe is flat because R becomes infinite and the 
curvature becomes zero. 
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The Volume-Redshift Relation 


Next look at volumes in cosmology. If we could 

show that volumes fail to increase as distance 

cubed, then space would be demonstrated to be 

curved. From the Robertson-Walker metric, with 

dt = 0, we find 

dl? = R*(t)[dr?/(1 — kr*) + r2(d62 + sin? 6d¢2)] 
(P7-35) 


And a spherical volume would then be 


r ae/2 
V= anit | (r2dr)/V1 — me | sin 60d0 
0 0 


(P7-36) 
For k = 1, the volume becomes 
Via = [4n(Rr)°/3][(3/2) sin 1/r3 
— (3/2)V1 — r2/r?] (P7-37) 


For k = 0, the volume is, as expected, 
Vo = 4n(Rr)?/3 
And for k = —1, we have 


V4. = [4n(Rr)9/3][(3/2)V1 + 12/7? 
— (3/2) sinh™ 1/73] 


(P7-38) 


(P7-39) 


Now r is not the distance from the origin of the 
coordinate system to the point (1, 6, @). The distance 
lis given by Equation 25-7. Substituting these val- 
ues of r into Equations P7-37 through P7-39 and 
expanding in terms of (//R), we find 


V() = (4m13/3)[1 — (k/5\(1/R)2 


+ O(I/R)4] (P7-40) 


where the last term represents higher-order expan- 
sion terms that can be ignored if 1 << R. 

How can you solve for the volume explicitly? 
The time variation of R is given by the dynamical 
Friedmann equation 25-11. The solutions to Equa- 
tion 25-11 for all values of qo are 


r = (249 — 1)/?/[qo2(1 + z)][zq0 
+ (go — 1(-1 + (2qoz + 1)”2)] (P7-41) 


and 
Ror = c/[Hogo2(1 + z)lzqo + 
(qo — 1)(-1 + (2qoz + 1)/2)] (P7-42) 


With these exact solutions, put r and Rr into the 
V(r) Equations P7-37 through P7-39 to obtain 
V(z). Figure P7-3 shows these relations for three 


V(Z) = 222 


Vo (Z) 
V1, (2) 


Log V(Z, qo) 


V(Z) - 29 
[- Ve) 


Log V(Z, qo) 


Figure P7-3_ Example models of the volume-redshift re- 
lation showing that volumes are not proportional to dis- 
tance cubed in curved universes. [Adapted from a figure 
by A. Sandage, Annual Reviews of Astronomy and Astro- 
physics, 26:575, 1988] 


values of qo. Note that volumes do not increase as 
fast as distance cubed for nonzero values of the 
density. 


The Magnitude-Redshift Relation 


In a similar manner, we can find how the measur- 
able magnitudes of galaxies vary with redshift. We 
write the apparent magnitude as m, because the 
wavelength of the observation is quite important 
because of the redshift. For example, the most dis- 
tant quasars that we see in the visible region of the 
spectrum had that same light emitted in the ultra- 
violet. So we have to include the “K correction” 
that accounts for the relative shifting of spectral 


bands. We also must include an evolutionary cor- 
rection at high enough redshifts because the Uni- 
verse (and any galaxy within it) was significantly 
younger at that epoch. Using obvious notation for 
these two corrections, we find the relation among 
apparent magnitude, absolute magnitude, deceler- 
ation parameter, and z to be 


m, = My — K,(z) — E,(t) + 5 log qo * 
X {zqo + (go — I[-1 + (2qoz + 1)/7)} 
(P7-43) 
In principle, you could use either the volume- 
redshift relation or the magnitude-redshift relation 


(and several others of the same type) to investigate 
cosmological models. These are rather direct meth- 
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ods of determining the curvature of spacetime. The 
problem is that the direct methods all involve look- 
ing at such great distances, therefore to such great 
lookback times, that galaxy evolution has had im- 
portant effects. Unfortunately, we do not have suf- 
ficient knowledge of these effects to make any 
sense of the observations. This method determines 
the density of space by means of measuring the 
curvature. The opposite method can also be used. 
We could measure the density of the Universe, 
again in principle, and use this to determine the 
curvature. In the latter case, we also have a prob- 
lem—the dark matter. Does it really exist? How 
much of a correction does it make? The state of 
cosmology is somewhat muddied. 


The Solar 


Clementine spacecraft view of the Moon 
occulting the Sun. (Lunar and Planetary Institute) 


Celestial Mechanics 
and the Solar System 


Were from the Earth, the Sun slides eastward 
on its annual journey relative to the stars of the 
Zodiac, while the wandering planets perform pe- 
riodic gyrations within the Zodiac. (The Zodiac 
contains the traditional 12 constellations through 
which the Sun travels on its annual journey with 
respect to the stars as seen from the Earth; see Fig- 
ure 1-1A.) In general, the planets move eastward 
with respect to the stars. But they can be divided 
into two groups, based on their observed motions. 
The first, Mercury and Venus, can move eastward 
of the Sun, each appearing higher and higher in the 
western sky at sunset as an evening star. At great- 
est eastern elongation, each planet attains maxi- 
mum angular distance east of the Sun; it then 
moves closer to the western horizon at sunset as it 
sweeps toward the Sun. Moving westward of the 
Sun, it rises as a predawn morning star in the east- 
ern sky. During their switch from evening to morn- 
ing stars, these planets move westward with respect 
to the stars, in retrograde motion in contrast to 
their normal eastward motion. 

The second group visible to the naked eye is 
Mars, Jupiter, and Saturn. They progress steadily 
eastward across the sky relative to the stars until 
they approach opposition—180° away from the 
Sun in the sky. Then they slow to a halt at a sta- 
tionary point, trace a retrograde loop toward the 
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west, slow to another stationary point, and finally 
resume their eastward march (Figure 1-1B). 

These planetary phenomena fascinated and 
frustrated the ancient astronomers. This chapter 
briefly discusses the historical efforts to explain 
these planetary motions—efforts that gave birth to 
physics and astrophysics and culminated in the 
creation of celestial mechanics by Isaac Newton in 
the 17th century. 


Figure 1-1 (A) The 
Sun on the ecliptic with 
Zodiacal constellations 
in the background. 
Note that Mercury, Sat- 
urn, and Venus lie close 
to the ecliptic (but 
would be invisible as 
this view shows day- 
time). The field of view 
is 57° by 83° and dis- 
plays approximately 
three months worth of 
the ecliptic. (Image 
generated by Voyager II) 
(B) Retrograde motion 
of Mars in 1994-1995. 
The planet’s path is in- 
dicated relative to the 
stars of the constellation 
Leo. This view, which 
spans 28° by 39°, shows 
Mars about in the mid- 
dle of its retrograde 
loop in February 1995, 
when it shines the 
brightest. The  retro- 
grade loop begins in 
December 1993 at the 
first stationary point 
and ends in March 1995 
at the second stationary 
point. (Image generated 
by Voyager II) 
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1-1 
THE HISTORICAL BASIS OF SOLAR 
SYSTEM MODELS 


The Heliocentric Model 
of Copernicus 


In the 16th century, the Polish astronomer Nicolaus 
Copernicus grew dissatisfied with the traditional 
geocentric (Earth-centered) model of the Solar Sys- 
tem and introduced a new heliocentric (Sun-cen- 
tered) one. This model forms the foundation of the 
one we use today. Copernicus placed the Sun at 
the center of the Solar System and had the planets 
(including the Earth) orbit it along circles. This he- 
liocentric model was slow to be accepted because 
its predictions were not better than those of the 
geocentric model, but eventually it caught on, pri- 
marily for the aesthetic reasons of simplicity and 
harmony. 

To understand the explanatory purposes of the 
Copernican model, you need a little background on 
naked-eye observations of the Sun, Moon, and 
planets, which appear geocentric. Daily, the sky 
turns westward with respect to the horizon. The Sun 
appears to move eastward with respect to the stars 
and circles the sky in a year. The imaginary path 
traced out by the Sun is called the ecliptic; behind 
it lies the special set of 12 constellations of the Zo- 
diac. The planets (and Sun and Moon) move with 
respect to the stars within the band of the Zodiac. 

In distance from the Sun in the heliocentric 
model, the planets range from Mercury (the closest) 
through Venus, Earth, Mars, Jupiter, Saturn, Ura- 
nus, and Neptune to Pluto (the most distant). The 
planets closer to the Sun than the Earth are termed 
inferior planets; these are Mercury and Venus. The 
planets orbiting farther from the Sun than the Earth 
are called superior planets; these are Mars through 
Pluto. The motions of the inferior planets as seen 
in our night sky differ markedly from the motions 
of the superior planets. 

We define elongation (Figure 1-2) as the angle 
seen at the Earth between the direction to the 
Sun’s center and the direction to a planet. We speak 
of eastern or western elongation according to 
whether the planet lies east or west of the Sun, as 
seen from the Earth. Elongations of particular geo- 
centric significance are given special names: an 
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Superior 
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Figure 1-2 Heliocentric planetary configurations. Ar- 
rows indicate the direction of orbital motion as well as 
the rotational direction of the Earth. The phases of the 
planets’ illumination, viewed from the Sun, are also 
shown. 


elongation of 0° is termed conjunction (inferior 
conjunction when the planet lies between the Earth 
and the Sun and superior conjunction when the 
planet lies on the opposite side of the Sun from the 
Earth). An elongation of 180° is called opposition, 
and one of 90° is quadrature. When an inferior 
planet attains its maximum elongation, we refer to 
greatest elongation. Only inferior planets may be 
at inferior conjunction or at greatest elongation (28° 
for Mercury and 48° for Venus), but they may 
never be at either quadrature or opposition. Infe- 
rior conjunction can never occur for superior plan- 
ets, and their greatest elongation is 180° (when they 
are in opposition). Note that our Moon passes 
through inferior conjunction, quadrature, and op- 
position (its greatest elongation) because it is a sat- 
ellite of the Earth. 

Copernicus correctly stated that the farther a 
planet lies from the Sun, the slower it moves 
around the Sun. When the Earth and another 
planet pass each other on the same side of the Sun, 


Jupiter 


Figure 1-3 Retrograde motion in a heliocentric model. 
As the Earth passes a superior planet, that planet appears 
to move opposite its normal eastward direction with re- 
spect to the stars. Here the Earth passes Jupiter at point 
Cc, which marks the middle of the retrograde motion. 


the apparent retrograde loop occurs (Figure 1-3) 
from the relative motions of the other planet and 
the Earth. As we view the planet from the moving 
Earth, our line of sight reverses its angular motion 
twice, and the three-dimensional aspect of the loop 
comes about because the orbits of the two planets 
are not coplanar. This passing situation is the same 
for inferior or superior planets. 

You can visualize this situation as a problem 
in relative motion. Imagine standing on Mars and 
observing the Earth at the time when, from the 
Earth, Mars undergoes its retrograde motion. Then 
you would see the Earth retrograde in a manner 
like that of Mercury and Venus as seen from the 


1-1 


The Historical Basis of Solar System Models 5 


Earth. In this case, Earth is an inferior planet 
viewed from Mars. 

Copernicus derived a relationship between the 
synodic and sidereal periods of a planet in the he- 
liocentric model. The synodic period S is the time 
it takes the planet to return to the same position in 
the sky relative to the Sun, as seen from the Earth. 
For the inferior planets, Mercury and Venus, this 
time is the interval between successive inferior con- 
junctions; for the superior planets, it is the interval 
between successive oppositions. The sidereal pe- 
riod P is the time it takes the planet to complete 
one orbit of the Sun with respect to the stars (Fig- 
ure 1-4). The Earth’s sidereal period E is 365.26 
days. The Earth moves at the rate of 360°/E degrees 
per day in its orbit, while a planet’s rate of angular 
motion is 360°/P as viewed from the Sun. For a 
superior planet, the Earth completes one orbit and 
must then traverse the additional angle S Xx 
(3607/P) in the time S — E to catch up to the su- 
perior planet at opposition again. Hence, 


(S — E)(3607E) = S(360°/P) 


Figure 1-4 Synodic and sidereal periods in a heliocen- 
tric model. As the Earth orbits the Sun at an angular 
speed of 360°/E degrees per day, a superior planet 
moves at 360°/P degrees per day (as seen from the Sun). 
The Earth moves from position 1 to position 2 after one 
orbit and has S — E days to reach the next opposition 
(at position 3). During this time, the superior planet has 
moved from position 1 to position 3. 
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or 
1/S = 1/E — 1/P 


For an inferior planet, the Earth is a superior 
planet, and so we interchange E and P to arrive at 
Copernicus’ result: 


1/S = 1/P — 1/E (inferior) 
1/S = 1/E — 1/P (superior) 


As an example, consider Venus, an inferior planet 
with an observed synodic period of S = 583.92 
days. The appropriate relationship is 


1/583.92 = 1/P — 1/365.26 
1/P = 0.00171 + 0.00274 = 0.00445 
= 224.7 days 


The telescopic observations reported by Galileo 
Galilei in his Siderius Nuncius in 1610 strongly sup- 
ported the heliocentric model of the Solar System. 
His drawings of the wrinkled lunar surface and the 
moving sunspots on the Sun weakened the ancient 
belief in perfect and immutable heavens. Galileo 
also discovered the four largest moons of Jupiter 
and showed that they orbited Jupiter, not the Earth. 
This crack in the wall of geocentricism became an 
irreparable breach with his discovery of the phases 
of Venus. 

Here’s why. The planets and the Moon shine 
from the sunlight they reflect. Half of a planet is 
always sunlit, while the other half is dark. The frac- 
tion of the sunlit hemisphere seen from the Earth, 
however, varies with the configuration. So the 
phase termed new occurs when we see only the 
dark hemisphere (at inferior conjunction for the 
Moon, Mercury, and Venus), and full phase takes 
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place at opposition when the entire sunlit hemi- 
sphere faces us. The superior planets can never be 
in crescent phase (when less than half the observ- 
able hemisphere is sunlit) and are almost always in 
gibbous phase (when more than half the planet ap- 
pears sunlit). Galileo observed that Venus shows 
all phases—hence it must orbit the Sun. This ob- 
servation verified Copernicus’ model over the clas- 
sical geocentric one. 


@ The Methods of Kepler 


Using the heliocentric model of Copernicus and the 
positional observations of Mars that Tycho Brahe 
had painstakingly accumulated over 20 years, Jo- 
hannes Kepler discovered the need for elliptical 
planetary orbits (Section 1-2). In 1609 and 1619, he 
published his three empirical laws of planetary mo- 
tion. These set the stage for Newton’s great scheme 
of gravitation. 

Let’s examine Kepler’s methods for determin- 
ing distance to the planets. We use the mean Sun- 
Earth distance—called the astronomical unit 
(AU)—as the unit of distance. 

The Sun-planet distance r (in AUs) may be 
found when an inferior planet reaches greatest 
elongation (Figure 1-5A). The angle SEP is ob- 
served (call it a) and the angle EPS is 90°; hence, 
trigonometry yields r = sina. (This method was 
first worked out by Copernicus.) 

Kepler’s method for finding the distance to a 
superior planet is more complicated than the pre- 
ceding procedure (Figure 1-5B). The planet is at P 
at the beginning and end of one sidereal period, 
and the Earth is at E and E’ at these two times. 
Note that point P is on the planet’s orbit but is 


Figure 1-5 Distance determinations in a 
heliocentric model. (A) When an inferior 
planet reaches greatest elongation P, we 
know angle SEP and can find r because an- 
gle SPE is a right angle. (B) A superior 
planet is at P at the start and end of one 
sidereal period; at these times, the Earth is 
at E and E’. Angles PES and PE’S are ob- 
served; they are the elongations of the 
planet from the Sun. 


otherwise arbitrary. Because we know the planet’s 
sidereal period, we also know the angle ESE’; we 
must observe the angles PES and PE’S. We can 
solve the triangle ESE’ using the law of cosines and 
trigonometry (see Appendix 9) to obtain EE’ and 
the angles SEE’ and SE’E. By subtraction, the angles 
PEE’ and PE’E are known, and we may solve the 
triangle EPE’. Enough information is now available 
to solve for r, using either triangle SEP or triangle 
SE’P. This process was the method by which Kepler 
first traced out the orbit of Mars to find that it is 
elliptical—a significant break with the astronomical 
tradition of circular orbits. 


(A) 


100 


Figure 1-6 Kepler’s laws of 
planetary motion. (A) Each 
planet P traces an elliptical 
orbit E around the Sun S, 
which is at one focus F of the 
ellipse. (B) Consider two 
equal time intervals, that 
from 1 to 2 and that from 3 
to 4. The radius vector to the 
planet SP sweeps out the 
same area A during these 
times. (C) For all major plan- 
ets, this log—log plot of semi- 
major axes a versus sidereal 
periods P falls very close to a 0.1 
straight line of slope 3/2, 
confirming Kepler’s third 
law. 
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1-2 
PLANETARY ORBITS 


Kepler’s Three Empirical Laws 


Kepler tested many models of orbital shapes—even 
ovals—but discarded them all. He finally showed 
that the orbital planes of the planets pass through 
the Sun and discovered that the orbital shape was 
an ellipse [Section 1-2(B)]. These findings were an- 
nounced in 1609 as Kepler’s first law—the law of 
ellipses: the orbit of each planet is an ellipse with the 
Sun at one focus (Figure 1-6A). 
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Kepler also investigated the speeds of the plan- 
ets and found that the closer in its orbit a planet is 
to the Sun, the faster it moves. Drawing a straight 
line connecting the Sun and the planet (the radius 
vector), he discovered that he could express this 
fact in Kepler’s second law—the law of areas: the 
radius vector to a planet sweeps out equal areas in equal 
intervals of time (Figure 1-6B). 

Ever seeking a greater harmony in the motions 
of the planets, Kepler toiled for another decade and 
in 1619 put forth his third law—the harmonic law: 
the squares of the sidereal periods of the planets are pro- 
portional to the cubes of the semimajor axes (mean radii) 
of their orbits (Figure 1-6C). 

The third law may be written algebraically as 


P2 = ka? 


where P is a planet’s sidereal period and a is its 
average distance from the Sun [the semimajor axis 
of an elliptical orbit; see Section 1-2(B)]; the con- 
stant k has the same value for every body orbiting 
the Sun. By 1621, Kepler had shown that the four 
moons of Jupiter discovered by Galileo obeyed the 
third law (with a different value of k), confirming 
its wide applicability. 

Section P1-1 states these laws in a complemen- 
tary form. 


@ Geometric Properties 
of Elliptical Orbits 


An ellipse is defined mathematically as the locus 
of all points such that the sum of the distances from 
two foci to any point on the ellipse is a constant 
(Figure 1-7); hence, 


r +r’ = 2a = constant (1-1) 


The line joining the two foci F and F’ intersects the 
ellipse at the two vertices A and A’. Note that a is 
half the distance between the vertices; a defines the 
semimajor axis of the ellipse. The shape of the el- 
lipse is determined by its eccentricity e, such that 
the distance from each focus to the center of the 
ellipse is ae. When e = 0, we have a circle; for 
e = 1, we have a straight line. One-half of the per- 
pendicular bisector of the major axis is the semi- 
minor axis b. Using the dashed lines (r = r’ = a) 
in Figure 1-7 and the Pythagorean theorem, we 
find 


b2 = a? — ate? = a(1 — e?) (1-2) 


Celestial Mechanics and the Solar System 


Figure 1-7 An ellipse. Important properties labeled 
here are AF, perihelion distance; A’F, aphelion distance; 
a, semimajor axis; b, semiminor axis; and c, center. 


Kepler’s first law places the Sun at focus F. 
Then vertex A is termed the perihelion of the orbit 
(point nearest the Sun), and vertex A’ is called the 
aphelion (point farthest from the Sun). The peri- 
helion distance AF is a(1 — e), and the aphelion dis- 
tance A’F is a(1 + e). The mean (average) distance 
from the Sun to a planet in elliptical orbit is just 
the semimajor axis a. We prove this fact by noting 
that for each point P on the ellipse at a distance r 
from focus F, there is a symmetrical point P’ a dis- 
tance r’ from F; the average of these distances is 
(r + r’)/2 = a. This result holds for any arbitrary 
but symmetrical pair of points. 

We need to know the distance from one focus 
to a point on the ellipse (such as the Sun-planet or 
planet-satellite distance) as a function of the posi- 
tion of that point. Center a polar coordinate system 
(r, 9) at F and let the line FA correspond to 6 = 0. 
Now r measures the distance FP, and then 6-—-the 
true anomaly—measures the counterclockwise an- 
gle AFP. Using 


cos (7 — 6) = —cos@ 
and the law of cosines, we have 
r'2 = r? + (2ae)* + 2r(2ae) cos 0 
From Equation 1-1, however, 7 = 2a — 4, and so 
r = a(l — e*)/(1 + ecos 6) (1-3) 


Equation 1-3 is the equation for an ellipse in polar 
coordinates for 0 = e < 1. 

To derive the area of an ellipse, we find the 
analog of Equation 1-3 in Cartesian coordinates 
(x, y) positioned at the center of the ellipse. Then 


Figure 1-7 and the Pythagorean theorem give 
r'2 = (x + ae)? + y? 


r? = (x — ae)? + y? 


Subtracting these two equations and using Equa- 
tion 1-1, we find r' = a + ex. Substituting back 
into the first of the preceding two equations and 
employing Equation 1-2, we obtain 


(x/a)? + (y/b)* = 1 (1-4) 


which is the equation for an ellipse in Cartesian 
coordinates. The area of the ellipse is given by the 


double integral 
b 4 
A= a| iy | dx 
0 0 


where, from Equation 1-4, 
x = afl — (y/b)?}/? 


The integration is easy if we use the substitution 
y = bsinz (so that dy = bcoszdz) and the rela- 


(A) 


~\ 
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tionship sin? z + cos*z = 1; the final answer is 
A = mab (1-5) 


The ellipse is one example of a class of curves 
called conic sections. This family of curves, all of 
which result from slicing a cone at different angles 
with a plane, includes the circle, ellipse, parabola, 
and hyperbola (Figure 1-8). From Equation 1-3, 
note that the ellipse degenerates to a circle of ra- 
dius r = a when e = O. If we increase e, the foci 
move apart. When e = 1, one of the foci is at infin- 
ity, and we have the parabola specified by 


r = 2p/(1 + cos 6) (1-6) 


where p is the distance of closest approach (at 
6 = 0) to the remaining focus. When the eccentric- 
ity is greater than unity, the open hyperbola re- 
sults: 


r = a(e* — 1)/(1 + ecos 6) (1-7) 


Its distance of nearest approach to the sole focus is 
a(e — 1). 


O 


C 
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Parabola 


© 


(B) 


y 


Figure 1-8 Conic sections. (A) The family of conic-section curves includes the circle 
(e = 0), the ellipse (0 < e < 1), the parabola (e = 1), and the hyperbola (e > 1). (B) Conic 
sections are formed when a cone is cut with a plane. When the plane is perpendicular to 
the cone’s axis, the result is a circle; when it is parallel to one side, the result is a parabola; 
intermediate angles result in ellipses. A hyperbola results when the angle the plane makes 
with the cone’s side is greater than the opening angle of the cone. 
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When one body moves under the gravitational 
influence of another, the relative orbit of the mov- 
ing body must be a conic section. (The relative orbit 
is that seen from an observer on the more massive 
body.) Planets, satellites, and asteroids have ellip- 
tical orbits; many comets have eccentricities so 
close to unity that they follow essentially parabolic 
orbits. A few comets have hyperbolic orbits; after 
one perihelion passage, such comets leave the Solar 
System forever. Space probes have been launched 
into hyperbolic orbits with respect to the Earth, but 
they are nearly always captured into elliptical or- 
bits about the Sun. Pioneer 10 was the first space- 
craft that, when perturbed by Jupiter, escaped from 
the Solar System. 


1-3 
NEWTON’S MECHANICS 


Using Kepler’s empirical deductions about plane- 
tary orbits, Sir Isaac Newton created his unified 
scheme of dynamics and gravitation, which he 
published in his Philosophiae Naturalis Principia 
Mathematica (Principia for short) in 1687. Newton’s 
brilliant insight and elegant formulation laid the 
foundations for the Newtonian physics that we 
know today. This section presents the first half of 
his unified structure—mechanics. 

Newton assumed that the arena within which 
motions take place is three-dimensional Euclidean 
space. These motions occur in time, which passes 
steadily and is unaffected by any phenomenon in 
the Universe. The basic entity in the scheme is the 
point particle, which has mass but no extent (Fig- 
ure 1-9A). The position of the particle at time t, 
relative to some origin, is indicated by a vector 
x(t); the length of this vector is measured in units 
such as meters. At a slightly later time t + At, the 


v+Av 


Origin 
(A) 
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particle has moved to x + Ax at approximately the 
velocity 


v = [(x + Ax) — x}/[(f + At) — t] = Ax/At 


As we let At — 0, the velocity vector becomes 
tangent to the trajectory at point x, where it is de- 
fined by the derivative 


v = dx/dt (1-8) 


The magnitude of the velocity vector is called the 
speed, and its units are distance/time, such as me- 
ters per second (m/s) or kilometers per second 
(km/s). Noting that the velocity of the particle at t 
is v, while at t + At it is v + Av, we express the 
change in velocity by the acceleration vector (Fig- 
ure 1-9B): 


a ~ [(v + Av) — v]/[(t + At) — t] = Av/At 
a = dv/dt (ast — 0) (1-9) 


The units of acceleration are speed/time, which is 
distance/time?, such as meters/second? or kilo- 
meters /second2. Newton also considered the linear 
momentum vector (units of mass times speed—for 
example, kg - m/s) of the particle, defined by the 
product 


p =mv (1-10) 


where m is the particle’s mass and v is its instan- 
taneous velocity. With these kinematic fundamen- 
tals in mind, let’s turn to Newton’s laws of motion. 
(See Sections P1-2 through P1-5 in the Physics 
Prelude.) 


The Law of Inertia 


In his Physics, Aristotle attempted to show that the 
natural state of a body is one of rest. Our daily 
experience seems to verify his observation that all 


Figure 1-9 Motion of a particle. (A) A mass 
v m at time t is at position x in its trajectory. At 
time t + At, it is at position x + Ax. The in- 
stantaneous velocity atx + Ax is v + Av. (B) 
= Av The change in velocity between t and At is 
at Av, from which instantaneous acceleration a 


(B) is defined. 


moving objects eventually slow to a halt. Indeed, 
to explain the flight of an arrow, Aristotle said that 
the diverted air rushing in upon the tail of the ar- 
row “pushed” it along. 

Galileo came to a quite different conclusion. He 
released balls so that they rolled down smooth in- 
clined planes and observed that they rolled up ad- 
jacent inclined planes to approximately the same 
height as that from which he had released them. 
As he made the planes smoother and inclined the 
second plane less to the horizontal, he found that 
the balls rolled farther. Galileo attributed any slow- 
ing down of the balls to friction and conjectured 
that a smooth ball on a horizontal plane would roll 
forever at a constant speed. 

René Descartes later formulated this principle 
in the form Newton adopted as his first law of mo- 
tion, the law of inertia: the velocity of a body remains 
constant (in both magnitude and direction) unless a net 
force acts upon the body. For a freely moving body, 
the first law may be written v = constant; when 
the constant is zero, a body initially at rest will re- 
main at rest unless acted upon by a force. 

The modern form of Newton's first law is 
known as the law of conservation of linear mo- 
mentum. For a body of mass m, we may write 
p = mv = constant, which is equivalent to 


dp/dt = 0 (force-free) (1-11) 


This relation is true even when a body’s mass 
changes, as in the case of a rocket ship. In the case 
of a constant mass, then, 


m dv/dt = 0 
and 


(force-free, constant mass) 


@ The Definition of Force 


Newton’s second law is already implied by the pro- 
viso “unless a net force acts upon the body” in the 
first law, for a force causes a change in velocity. 
Such a change in velocity (in speed or direction or 
both) is indicated by the acceleration vector (Equa- 
tion 1-9). An important special case of accelerated 
motion is circular motion, in which the speed re- 
mains constant while the direction of motion 
changes. 

The concept of force was defined in Newton’s 
second law of motion (the force law): the acceleration 
imparted to a body is proportional to and in the direction 
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of the force applied and inversely proportional to the 
mass of the body. So we may write a = F/m or, more 
commonly, 


F = ma (1-12) 


Note that force is a vector, with the units mass 
times acceleration, such as kg - m/ s*. If several 
forces act upon a single body, the resultant accel- 
eration is determined by Equation 1-12, using the 
force that is the vector sum of the individual 
forces—this is the principle of superposition. Two 
forces F, and F, add to give the resultant force F 
(Figure 1-10); we may reverse this procedure to de- 
compose the force F into any two or more com- 
ponent forces; two are indicated here by § and F,. 

In Equation 1-12, the body’s mass m must re- 
main constant. This restriction vanishes in the mod- 
ern statement of the second law, which is formu- 
lated using the body’s linear momentum: 


F = dp/at 


We may recover Newton’s form of the second law 
by using Equations 1-9, 1-10, and 1-13 when m is 
constant. Note that the first law of motion (Equa- 
tion 1-11) now results from the second. 

What is the meaning here of mass? In dynam- 
ics, mass represents the inertia of a body, that is, 
that body’s resistance to any change in its state of 
motion. If we apply the same force to two bodies, 
the more massive body will change velocity at a 
lower rate than the less massive body. In everyday 
terms, think of mass as the amount of material 
comprising a body. Mass is a scalar quantity char- 
acterizing a body, and it does not depend on the 
body’s location or state of motion [Section 1-4(B)]. 


(1-13) 


Body 


Figure 1-10 Superposition of forces. Two forces F, and 
F, act on a body. The resulting motion depends on F, the 
vector sum of F; and F2. The orthogonal components F, 
and F, yield the same motion because their sum results 
in F. 
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Action and Reaction 


To complete his dynamic theory, Newton devel- 
oped his third law of motion, the law of action- 
reaction: for every force acting on a body (in a closed 
system), there is an equal and opposite force exerted by 
that body. A simple example: The weight (a force) 
of a book lying on a table must be exactly balanced 
by the force that the table exerts on the book; other- 
wise, according to the second law, the book would 
accelerate off or through the table. The third law 
describes the static situation of balanced forces. 

The modern version of the third law is the law 
of conservation of total linear momentum. Though we 
may treat any number of bodies, consider only two. 
The total linear momentum of the system is given 
by P = p; + p2 = constant, when no external 
force acts upon the system (the first two laws). 
Considering two times (the latter time indicated by 
primes), we have 


Pi + P2 = pi + p2 
If the time interval is At and if we call Ap; = 
Pi — Pi and Ap2 = p2 — pz, we can arrange the 
preceding equation and divide by At to get 


Ap; /At = —Ap2/At 


For arbitrarily small At, the deltas become differ- 
entials (At — dt) and Equation 1-13 yields the 
third law: 


@® Summary: Newton’s Laws 
of Motion 


We present here the modern version of Newton's 
three laws of mechanics. The Newtonian context is 
absolute space and time, wherein a point particle 
of mass m describes a trajectory x(t) with instanta- 
neous velocity v(t), linear momentum p = mv, and 
acceleration a(t). 


First law (inertia): 
v and p = constant 


The velocity (if the mass is 
constant) and linear mo- 
mentum of a body remain 
constant (in both magni- 
tude and direction) unless 
a force acts upon the body. 


Second law (force): 
F = dp/at 


The time rate of change of 
the linear momentum of a 
body (or system of bodies) 
equals the force acting 
upon the body (or system). 
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Third law (action-reac- In a closed system, the 


tion): force exerted by a body is 
Fexerted = —Facting equal and opposite to the 
P = constant force acting upon the 


body, or, the total linear 
momentum of a closed 
system of bodies is con- 
stant in time. 


1-4 
NEWTON’S LAW OF 
UNIVERSAL GRAVITATION 


Before Newton, Kepler suspected that some force 
acted to keep the planets in orbit about the Sun; he 
attributed the elliptical orbits to the force of mag- 
netic attraction. Following a train of thought simi- 
lar to the simplified derivation that follows, New- 
ton discovered his law of universal gravitation, 
tested it on the motion of the Moon, and then ex- 
plained the motions of the planets in detail. (See 
Section P1-8 in the Physics Prelude.) 


Centripetal Force and Gravitation 


Consider a body moving in a circular orbit of ra- 
dius r about a center of force (Figure 1-11A). From 
symmetry, the speed v of the body must be con- 
stant, but the direction of the velocity vector is con- 
stantly changing. Such a changing velocity repre- 
sents an acceleration—the centripetal acceleration 


(A) (B) 


Figure 1-11 Centripetal acceleration. (A) An object 
moves in a circular orbit of radius r at speed v along a 
short arc S during the time interval At. (B) The centripetal 
acceleration a results from the change in the direction of 
the velocity during time At. 


that maintains the circular orbit; from the geometry 
of the figure, we deduce the acceleration. The time 
is t at point A, where the body’s velocity is v. At 
an infinitesimal time interval At later, the body has 
traversed the angle A@ to B, where the velocity is 
v’. In Figure 1-11B, we show the change in velocity 
Av = v' — vby joining the tails of the two velocity 
vectors; the angle between v and v is A@. Recalling 
that the magnitude of both v and v is the speed 2, 
we use trigonometry for small values of A@ to de- 
duce (Figure 1-11A) 


AO = s/r = vAt/r 
and (Figure 1-11B) 
Aé = Av/v 


where the arc length s approximates the chord join- 
ing points A and B. So the centripetal acceleration 
has the magnitude 


a = Av/At = v2/r 


and it points directly toward the center of the circle 
as At vanishes. If m is the mass of the orbiting body, 
Newton’s second law gives the magnitude of the 
centripetal force as 


Feent = ma = mv/r (1-14) 
If P is the orbital period of the body, then its 
speed is 


v = 2nr/P 


but Kepler’s third law relates the period and the 
orbital radius by 


P2 = kr? 


where k is the proportionality constant. Substitut- 
ing these two results into Equation 1-14, we find 


F = 4n2m/kr2 


that is, the force maintaining the orbit is inversely 
proportional to the square of the radius. According to 
Newton’s third law, the body (of mass M) at the 
center of the orbit feels an equal but opposite force. 
Because the centripetal force acting on the central 
body must be proportional to M, the mutual grav- 
itational force is proportional to the product of the 
two masses. Redefining the constant of proportion- 
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ality, we have for the magnitude of the force 


Ferav = GMm/r? (1-15) 


which is Newton’s law of universal gravitation; the 
direction of the gravitational force is along the line 
joining the two bodies (from the third law of mo- 
tion). The gravitation constant G has the measured 
value 6.67 X 1071! m3/kg - s? in SI units. 

Equation 1-15 expresses the attractive gravita- 
tional force between two point masses. To find the 
gravitational attraction from an extended body, we 
must sum the vectorial contributions from each 
small piece of the body. In general, this process is 
rather difficult, but for a spherically symmetric 
body acting on a point mass, symmetry arguments 
alone tell us that the gravitational force must act 
along the line joining the centers of the bodies. By 
integrating the effects of all parts of the spherical 
body, we find that it behaves gravitationally as though 
its entire mass were concentrated at its center. This im- 
portant result, arrived at by Newton, will be used 
many times in this book. 


@ Weight and Gravitational 
Acceleration 


Near the Earth’s surface, bodies have a constant 
downward gravitational acceleration of magnitude 
(from Equation 1-15) 


3°= GMo/Re? = 98 m/s2 


where Me is the mass of the Earth and Re is its 
radius. The Earth’s oblate surface and rapid rota- 
tion cause variations in the measured value of g 
from 9.781 m/s? at the equator to 9.832 m/s? at the 
poles. 

The weight of a body is the force on it in a 
gravitational field. At the Earth’s surface, we weigh 
a body on a scale, and if the mass of the body is 
m, we find 


Weight = mg 


In contrast to its mass, the weight of a body de- 
pends upon its location. An astronaut on the 
Moon’s surface will weigh approximately one-sixth 
her normal Earth weight; in a satellite orbit, her 
weight will be zero since she is falling freely in the 
gravitational field. In both cases, her mass is the 
same. Weight and force have the same units, and the 
conventional SI unit is the newton (Appendix 6), 
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where 
1 newton = 1kg - m/s? 


Keep in mind that weight is a force. 


Determination of G and Mo 


Let’s describe how Henry Cavendish measured the 
gravitational constant G in 1798 and how Phillip 
von Jolly established the mass of the Earth Mo in 
1881. These two methods represent early proce- 
dures to determine these important constants. 

To find G, Cavendish used an apparatus con- 
sisting of two small balls of equal mass m hung 
from a torsion beam and two larger balls of equal 
mass M attached to an independently suspended 
but coaxially aligned beam (Figure 1-12A). Each 
adjacent M-m pair is initially placed a distance D 
apart, but the gravitational force between the balls 
twists the torsion bars to a static equilibrium dis- 
tance d between each M-m pair. From symmetry, 
the gravitational force causing the deflection is 
Kot = 2GMm/d?; by directly measuring Kot, M, m, 
and d, Cavendish found G. 

Von Jolly’s apparatus (Figure 1-12B) consisted 
of a balance bearing two small masses m, with the 


(A) 
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rotation axis of the balance beam aligned horizon- 
tally. When he placed a large mass M below one 
of these small masses, the balance tipped; to restore 
the original balance, he placed a small mass n on 
the pan alongside the other mass m. If the equilib- 
rium M-m distance is d, the forces acting on each 
side of the torsion beam are 


Fy = GMm/d2 + GMoem/Re2 
F, = GMon/Re* + GMem/ Re? 


The beam is horizontal again when F; = F2, and 
so we find 


Me = (Mm/n)(Ro/d)? = 5.976 x 1074 kg 


1-5 
PHYSICAL INTERPRETATIONS OF 
KEPLER’S LAWS 


Newton combined his laws of motion and gravi- 
tation to derive all three of Kepler’s empirical laws. 
We could derive the elliptical orbits of Equation 
1-3, using Equations 1-13 and 1-15; this requires a 
knowledge of vector differential equations, so we 
won't do so. Newton’s form of Kepler’s laws con- 


(B) 


Figure 1-12 Measuring Newton’s constant of gravitation G. (A) The Cavendish exper- 
iment uses two torsion bars T and T’, which are free to rotate about a vertical axis. After 
the gravitational force between adjacent M-m spheres swings the bars to their equilibrium 
positions (to position f from position i), the separations between M and m are d. (B) Von 
Jolly’s experiment has a horizontal balance that is in an equilibrium horizontal position 
when masses M and n are absent. When mass M is placed below the left-hand mass m, 
mass n must be added to the right-hand mass m to restore equilibrium. 


ceptually views orbits as conic sections (Figure 
1-8) with the center of mass of the system at one 
focus. We will accept Kepler’s first law and follow 
Newton’s footsteps in deducing Kepler’s second 
and third laws. 


The Law of Areas and 
Angular Momentum 


Let’s illustrate Kepler’s law of areas for an elliptical 
orbit (Figure 1-13). A body orbits the focus F at the 
position r and velocity v. During an infinitesimal 
time interval At, the body moves from P to Q, and 
the radius vector sweeps through the angle Adé. 
This small angle is A@ ~ v; At/r, where v% is the 
component of v perpendicular to r. During this 
time, the radius vector has swept out the triangle 
FPQ, the area of which is AA ~ rv; At/2. Therefore, 
ast > 0, 


dA/dt = rv,/2 = r2(d0/dt)/2 = H/2 (1-16) 


where the constant H (the angular momentum per 
unit mass) appears because Kepler’s second law 
states that the rate of change of area with time is a 
constant. 

Note that A/P = H/2, where A = zrab is the 
total area of the ellipse and P is the orbital period; 
this comes by integrating Equation 1-16. By com- 
bining this result with Equation 1-16 and noting 
that v; is the total speed at perihelion or aphelion, 
we deduce the perihelion and aphelion speeds of a 
planet orbiting the Sun. For example, at perihelion 
we have 


v = H/r =:2A/Pr = 2zab/Pa(1 — e) 


Figure 1-13 Law of areas for an elliptical orbit. A body 
at r moves at velocity v in an elliptical orbit about focus 
F and moves from P to Q in time At. The component of 
v perpendicular to r is v;. 
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where Equation 1-3 with @ = 0 is used in the last 
equality. Carrying through the derivation at aph- 
elion and using Equation 1-2, we get 


Uper = (27a/P)[(1 + e)/ — ) 
(perihelion) 

Vap = (27a/P){(1 7 e)/(1 a e))/2 
(aphelion) (1-17b) 


For the Earth, a is 1 AU (1.496 x 108 km), P is one 
year (3.156 X 107s), and the orbital eccentricity is 
e = 0.0167; hence, the orbital speed varies from 
30.3 km/s at perihelion to 29.3 km/s at aphelion. 

A modern Newtonian derivation of Kepler’s 
second law requires the concept of the orbiting 
body’s angular momentum: 


(1-17a) 


L=rX p= mr X v) (1-18) 


where m is the body’s mass, r is its position vector, 
and p is its linear momentum (Equation 1-10). The 
vector cross product (denoted by X) in Equation 
1-18 is an operation that yields the product of the 
perpendicular components of two vectors (see Ap- 
pendix 9); hence, if r and p are parallel, then r x 
p = 0. Angular momentum is a vector quantity L 
with the units kg - m?/s. Differentiating Equation 
1-18, we have 


dLft =v xX pt+rxX @pft)=rXxF (1-19) 


since v is parallel to p and dp/dt defines force. We 
call dL/dt the torque (with units kg - m?/s) and 
see that when F is parallel with r—a central force, 
such as gravitation—the torque vanishes. Hence, L 
is constant in time so that angular momentum is 
conserved for all central forces. Applying Equation 
1-18 to the situation in Figure 1-13, we find 


L/m = r X v; = H = constant 


which is Kepler’s second law. Here H is the angular 
momentum per unit mass. (See Section P1-7.) 


P concept Appia) 


Angular Momentum and Orbits 


Let’s show that the angular momentum of a body 
moving on an orbit of semimajor axis a and eccen- 
tricity e is proportional to 


Va(l — e) 


and therefore is smaller for larger e (at the same 4). 
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Using the vis viva equation (Equation 1-28) at 
aphelion 


Vap = VGM(2/tap — 1/2) 
where M = m, + mp, but 
lap = a(1 + e) 


SO 


The angular momentum of the object of mass m is 
L = MWaplap = MVapa(1 + e) 
By substituting the preceding expression for Vap 


Le 
mya(l + » fon 2—| 


mVGMV al + e(1 — @) 
mVGMVa(l — e2) 


The answer would be the same if the angular mo- 
mentum at perihelion were calculated because of 
the conservation of angular momentum. 


L 


ll 


ll 


@ Newton’s Form of Kepler's 
Third Law 


The external forces that act upon the Solar System 
are essentially negligible; hence, the total linear mo- 
mentum of the Solar System is constant. We apply 
this idea to an isolated system of two bodies mov- 
ing in circular orbits from their mutual gravita- 
tional attraction; our final result, Newton’s form of 
Kepler's third law, is also applicable to elliptical 
orbits. 

Consider two bodies of masses m, and mp, or- 
biting their stationary center of mass at distances 
r, and rz (Figure 1-14). Because the gravitational 
force acts only along the line joining the centers of 
the bodies, both bodies must complete one orbit in 
the same period P (though they move at different 
speeds v, and v2). The centripetal forces of the or- 
bits are therefore 
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Figure 1-14 Center of mass. Two masses m,; and m2 
orbit a common center of mass CM with a total separa- 
tion a. 


(1-20a) 
(1-20b) 


' FR = myv17/n = 4m2myn/P2 


Fy M2V>2/to = 41? mrp/P? 


Newton’s third law requires F; = F2, and so we 
obtain 


n/t, = m2/m, (1-21) 


The more massive body orbits closer to the center 
of mass than does the less massive one; Equation 
1-21 defines the position of the center of mass. 
The total separation of the two bodies a = 
m + 1 is also the radius of their relative orbits. 


Now Equation 1-21 may be expressed in the form 
mh = ma/(m, + m2) (1-22) 


However, the mutual gravitational force Fyray = 
Fy = F, is 


(1-23) 


so that combining Equations 1-20a, 1-22, and 1-23 
gives Newton’s form of Kepler’s third law: 


P2 = 427a7/G(m, + m2) 


Ferav ny, Gmym2/a? 


(1-24) 


If body 1 is the Sun and body 2 is any planet, then 
m, >> mo; therefore, k = 47?/GMo is the propor- 
tionality “constant” (to a good approximation) in 
Kepler’s third law. Note that the third law presents 
a way to describe gravitational effects without spe- 
cifically discussing forces. 


Orbital Velocity 


To better understand elliptical orbits, consider the 
orbital velocity v. We may decompose this velocity 
into two perpendicular components (Figure 1-15): 
v,, the radial speed, and vg, the speed in the 6 di- 
rection. Now, from Equation 1-16 and the discus- 
sion following it, we have 


do/dt = (2m/P)a/r)2(1 — e2)/2 = (1-25) 


Figure 1-15 Components of orbital velocity. At any 
point in an elliptical orbit, the orbital velocity v may be 
decomposed into two perpendicular components, the ra- 
dial speed parallel to the radius vector and the angular 
speed perpendicular to it. 


Using Equation 1-3, which is the polar equation of 
an ellipse, and Equation 1-25, we compute the fol- 
lowing time derivatives: 

v, = ar/dt 
(2ma/P\e sin 6)(1 — e2)-1/2 
Ve = r(d0/dt) 
(2ma/P)(1 + ecos 6)(1 — e2)-/2 (1-26b) 


Ul 


(1-26a) 


Note that Equation 1-26b reduces to Equation 
1-17 at perihelion and aphelion. The total orbital 
speed now follows from Equations 1-26 as 


v? = 0, + 067 
= (2ma/P)*(1 + 2ecos@ + e?)/(1 — e?) (1-27) 


Rearranging the polar equation for an ellipse, we 
get 


ecos @ = [a(1 — e*) — r]J/r 


and substituting this result into Equation 1-27, we 
finally obtain (with the help of Equation 1-24) 


v2 = G(m, + mp)[(2/r) — (1/a)] (1-28) 


Therefore, for given masses, the total orbital speed 
depends only upon the separation and the orbit’s semi- 
major axis. This useful result is commonly called the 
vis viva equation. 


@® The Conservation of Total Energy 


The concept of energy provides an alternative ap- 
proach to that of forces and Newtonian mechanics 
for problems relating to orbits. Energy often proves 
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a more powerful way to gain insight into orbital 
problems because total energy is conserved. 

Energy is a quantity assigned to one body that 
indicates that body’s ability to change the state of 
another body. Heat is a form of energy, for a hot 
body will warm a cold body if the two are brought 
into contact. Kinetic energy (KE) is a body’s energy 
of motion, but if we decide to move along with the 
body, it has no relative motion; it has no kinetic 
energy in this reference frame. Potential energy 
(PE) is due to the position of the body; if the body 
is free to move, this energy may be converted to 
kinetic energy. In celestial mechanics, we sum the 
kinetic and potential energies to obtain the total 
energy: TE = KE + PE. In an isolated system, the 
total energy is conserved. 

Assume that a force F acts upon a body of mass 
m that is moving in the trajectory x(t) about a cen- 
tral force. In the infinitesimal time dt, the body 
moves through the vector distance dx. As the body 
moves from position A to position B, we define the 
work W (SI units = kg - m*/s* = joules; see Ap- 
pendix 6) done on the body by the force as 


B 
w= | F - dx 
A 


The vector dot product operation in Equation 1-29 
yields the product of the parallel components of F 
and dx (Appendix 9); when F and dx are mutually 
perpendicular, their dot product vanishes. To eval- 
uate Equation 1-29, we note that 


F + dx = m(dv/dt) - vdt = m(v- dv) = d(mv?/2) 


where we have used Newton’s second law and the 
definitions of velocity and speed. We integrate 
Equation 1-29 directly to give 


W = (mv2/2)g — (mv2/2)4 = KEgp — KE4 (1-30) 


where the kinetic energy is specified by KE = 
mv?/2. Therefore, the work done by the force on the 
body changes the body’s kinetic energy. In a system of 
two bodies of masses m, and mz, the kinetic energy 
is KE = (myv,?/2) + (mv2/2). If the force is the 
gravitational force between the two bodies, we 
have 


(1-29) 


F + dx = —Gmymp/r? dr = d(Gmym2/?) 
where r is the radial separation of the bodies. Equa- 
tion 1-29 is again integrated: 

W= (Gm m2/r)p = (Gmym2/n)a = PE, a PEpg 
(1-31) 
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where we have inserted the definition of the mu- 
tual gravitational potentialenergy PE = —Gm,my/r. 
Thus the potential energy is the negative of the 
work done by the gravitational force as m; moves 
from r = © to r = r with mp held fixed. Note that 
the mutual gravitational potential energy vanishes 
when the two bodies are infinitely separated. 

Both kinetic and potential energy have the 
same units (joules) as work, so we can combine 
Equations 1-30 and 1-31 to obtain 


(KE + PE)g = (KE + PE)a 


or, in terms of the total energy of the two-body 
system, 


TEg = TE, = constant 


Therefore, the total energy of our gravitating sys- 
tem is conserved: 


TE = (myv\?/2) + (myv2?/2) — (Gmm2/r) 
constant 


(1-32) 


As the bodies move, kinetic and potential energy 
may be interchanged, but the total energy of the 
system remains constant. 

Now we need to evaluate the constant TE in 
Equation 1-32 for elliptical orbits. Refer to Section 


ky equations & Cbhtepts J 


Kepler’s third law 
P2 = ka3 


Newton’s version of Kepler’s third law 


P? = 427a9/G(m, + m2) 


Newton’s first law 


v and p = constant 


Newton’s second law 


F = dp/at 
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1-3(C) and recall that the total linear momentum 
of our isolated system is constant; we choose this 
constant to be zero so that mv, = —myv2 and, in 
terms of the speeds of the bodies, 


M0, = M202 
Because v = v, + 72 is the relative speed of either 
body with respect to the other, we find 
v1 = mzv/(m, + m2) 
V2 = myv/(m, + mp) 
Substituting this result into Equation 1-32 yields 
TE = mym2[v2/2(m, + m2) — (G/n] (1-33) 


Using Equation 1-24, let’s evaluate Equation 1-33 
at the perihelion of the orbit, where r = a(1 — e) 
and v is the perihelion speed given by Equation 
1-17. The result, TE = —Gmm/2a, shows that the 
total energy is negative—the orbit is bound. Now 
Equation 1-33 takes its final form: 


v? = G(m, + mg)[(2/r) — (1/a)] (1-34) 


exactly the expression found in Equation 1-28. This 
classic result, the vis viva equation, is a statement of 
total energy conservation. (See also Section P1-6.) 


Newton’s third law 


Fexerted = —Facting 


P = constant 


Newton’s law of gravitation 


Foray = GMm/r? 


Conservation of energy 


v? = G(m + ma)[(2/r) — (1/a)] 


for a bound orbit 
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<= 


. Assume that the orbital plane of a superior planet is 
inclined 10° to the ecliptic and that the planet crosses 
the ecliptic moving northward at opposition. Make a 
diagram similar to Figure 1-1B, showing the retro- 
grade path of this superior planet. 


. Imagine that you are observing the Earth from Ju- 
piter. What would you observe the Earth’s synodic 
orbital period to be? What would it be from Venus? 
(Hint: See Appendix 3.) 


. (a) Explicitly carry out the derivation of Equation 1- 
4, showing all the appropriate steps. 

(b) On graph paper, plot the following polar equa- 
tions: Equation 1-3 for an ellipse, Equation 
1-6 for a parabola, and Equation 1-7 for a 
hyperbola. 


. In terms of the gravitational acceleration g at the 

surface of the Earth, find the surface gravitational ac- 

celeration of 

(a) the Moon (M,, = 0.0123Me, Rm = 1738 km), 

(b) the Sun (Mo = 2 X 10°°kg, Ro = 7 X 108m), 
and 

(c) Jupiter (M, = 318Mo, Ry = 11.2 Re). 


. What are the perihelion and aphelion speeds of Mer- 
cury? What are the perihelion and aphelion distances 
of this planet? Compute the product ur (speed times 
distance) at each of these two points and interpret 
your result physically. 


. Find the relative position of the center of mass for 
(a) the Sun—Jupiter system and (b) the Earth-Moon 
system. 


. A television satellite is in circular orbit about the 
Earth, with a sidereal period of exactly 24 h. What is 
the distance from the Earth’s surface for such a sat- 
ellite? (Hint: Use Kepler’s laws.) If the satellite ap- 


10. 


11. 


12. 


13. 


14. 


pears stationary to an earthbound observer, what is 
the orientation of its orbital plane? 


. Using orbital data for Titan (Appendix 3), find the 


mass of Saturn. 


. A stone is released from rest at the Moon’s orbit and 


falls toward Earth. What is the stone’s speed when 
it is 192,000 km from the center of Earth? 


An object is observed from the Earth to have a syn- 
odic period of 15 years. What are the two possible 
values for the semimajor axis of the object’s orbit? 


Using orbital data for the Earth found in Appendix 
3, estimate the mass of the Sun. Does the mass of the 
Earth matter significantly in this calculation? 


Compare the mutual gravitational force between you 

and the following two objects: 

(a) another person with mass 100 kg located 1m 
from you; 

(b) Mars at opposition. 

Comment on your result. 


(a) Venus has a maximum elongation of 47°. What is 
its distance from the Sun in astronomical units? 

(b) Mars has a synodic period of 779.9 days and a 
sidereal period of 686.98 days. On February 11, 
1990, Mars had an elongation of 43° West. The 
elongation of Mars 687 days later, on December 
30, 1991, was 15° West. What is the distance of 
Mars from the Sun in astronomical units? 


Using astronomical units as the unit of length, years 
as the time, and the mass of the Sun as the unit of 
mass, the value for k in Kepler's third law is 1.0. In 
these units, what is the value of Newton’s constant 
of gravitation G? 


The Solar System 
in Perspective 


ur Earth is one member of the family of the 

Sun—the Solar System. Nine major planets, 
many natural satellites, multitudes of asteroids, a 
large number of comets, and an abundance of me- 
teoroids orbit the Sun. Each class of objects has dis- 
tinguishing characteristics (this chapter) and indi- 
vidual idiosyncrasies (Chapters 3-6), as well as 
systematic properties that require explanation in 
terms of the origin of the Solar System (Chapter 7). 
Here we will preview the physical aspects of the 
Solar System; the specifics will follow later. Celes- 
tial mechanics applied to Solar System bodies 
forms the physical basis of this perspective. 

The Solar System is composed of all objects 
bound in orbits by the Sun’s gravity. These bodies 
make up a hierarchy based on mass: the Sun 
crowns the top, then the planets, their moons and 
rings, interplanetary debris (comets, asteroids, and 
meteoroids), down to interplanetary gas and dust. 
(See Appendix 3 for a summary of Solar System 
data.) 


2-1 
PLANETS 
Today we place the Sun at the center of the helio- 


centric system of nine planets (in order of average 
distance from the Sun): Mercury, Venus, Earth, 
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Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto 
(Figures 2-1 and 2-2). (Pluto is actually a double- 
planet system with its moon, Charon.) Based on 
their physical properties, the planets fall into two 
groups: the terrestrial planets (Mercury through 
Mars) and the Jovian planets (Jupiter through 
Neptune). Together, the planets have a total mass 
of but 0.0014Mo, and they shine by reflected 
sunlight. 


Figure 2-1 Relative sizes of 
the planets. On this scale, only 
a part of the Sun can be 
shown. Included with the 
planets are the largest moons. 
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Figure 2-2 Relative orbital distances of the planets. (A) The distance scale in astronom- 
ical units from the Sun to Pluto. (B) An expanded scale shows the inner Solar System. 


Motions 


The planets obey the laws of Kepler and Newton 
as they move in elliptical orbits about the Sun. The 
planetary orbits exhibit three striking features (Ap- 
pendix 3). First, all planets orbit the Sun counter- 
clockwise as seen from directly above the Earth’s or- 
bital plane—the orbits are direct. Second, the 


orbital planes lie very close to the ecliptic plane 
(the plane of the Earth’s orbit), so the planets (ex- 
cept Pluto) are always found in the 16°-wide band 
of the Zodiac when viewed from the Earth (the in- 
clination of Pluto is 17°). Third, the orbital eccen- 
tricities are less than 0.1 except for the closest 
planet to the Sun, Mercury, and the most distant, 
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Pluto. Because of its large eccentricity (e = 0.249), 
the orbit of Pluto ranges from 29.68 AU at perihe- 
lion (closest point to the Sun) to 49.36 AU at aph- 
elion (farthest point from the Sun). Pluto passes 
closer to the Sun than Neptune on occasion (Figure 
2-3). 

A planet's sidereal rotation period refers to its 
rotation with respect to the stars; these periods are 
determined in a variety of ways (Appendix 3). One 
main technique involves the Doppler effect, de- 
scribed in detail in Section 8-1(A). The essence of 
the Doppler shift is that when light is emitted by 
(or radio waves are bounced off of) a body, a radial 
component of velocity will cause a shift in wave- 
length (or frequency) relative to its rest wave- 
length: a redshift for recession and a blueshift for 
approach. The amount of shift depends on the 
magnitude of the radial velocity (for nonrelativistic 
speeds): 


AA/A = 0,/c 


where AA is the wavelength change, A the rest 
wavelength, v, the radial part of the velocity, and 
c the speed of light. 

Mercury and Venus were assumed to be in 
synchronous rotation about the Sun (that is, their 
sidereal rotation periods were believed to be equal 
to their sidereal orbital periods) until the mid- 
1960s, when Doppler radar measurements finally 
fixed their rotational periods. For the Moon and 
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Mars, clear and abundant surface markings may be 
followed to deduce the rotation rates. The gigantic 
planets Jupiter, Saturn, Uranus, and Neptune show 
only their upper atmospheres, so that their rotation 
is found by following atmospheric features or by 
observing the Doppler-shifted radiation from their 
limbs. The atmospheres of these big planets rotate 
slightly faster at their equators than at their poles; 
hence, no unambiguous rotation rate exists. Some- 
times that of the magnetic field is given. Because 
we assume that the magnetic field originates in the 
deep interior, this rate provides the basal value of 
rotation for the Jovian planets. Pluto’s surface is not 
uniformly reflective; the amount of sunlight it 
reflects varies as it rotates. By observing these 
brightness fluctuations, we infer Pluto’s rotation 
period. 
We define a planet’s oblateness € by 


e= (te a Tp) Ye 


where 7 is the equatorial radius and 1, the polar 
radius. A perfect sphere has e = 0. If all planets 
adjust to an equilibrium fluid shape, we expect that 
€ will increase as the rotation rate increases; the 
trend (Appendix 3) corroborates this idea. Accurate 
measurements of the Earth yield an oblateness of 
1/298.3. For the other planets, oblateness is deter- 
mined by measuring the visible disk of the planet 
or by analyzing perturbations on the orbits of the 
planet’s moons. The large liquid planets are very 
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Figure 2-3 The orbits of Neptune and Pluto. (A) Face-on view of the orbits, with the 
scale in astronomical units. Note that at perihelion (1989), Pluto was inside the orbit of 
Neptune. (B) Side view of the orbits, showing their relative inclinations. 
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Figure 2-4 Equatorial inclinations. (A) Venus and Uranus rotate retrograde because 
the inclinations of their equators (EQ) to their orbital planes are greater than 90°. (B) The 
rotation axis of Uranus and its orbital plane are nearly aligned. At point 1, we see the 
planet pole-on, 21 years later at point 2, we see its equatorial plane edge-on. The satellites’ 


orbits are face-on at 1 and side-on at 2. 


oblate, so much so that Jupiter and Saturn appear 
distinctly oval in telescopes. 

The equators of the planets are inclined to their 
orbital planes by varying amounts. The rotation 
axes of Mercury, our Moon, and Jupiter are nearly 
aligned with their revolution axes, whereas those 
of the Earth, Mars, Saturn, and Neptune are tilted 
about 25°. The equatorial inclination is less than 
90° for these bodies, so that they all rotate from 


Mercury 


Figure 2-S_ Mercury’s orbit. Because this planet’s rota- 
tion rate is two-thirds its orbital period, it completes 
three sidereal rotations in two revolutions. The marker 
on the planet goes from noon to midnight from position 
1 to 7; it will return to noon after one more revolution. 


west to east. West-to-east rotation is direct (in the 
same sense that all the planets orbit the Sun). The 
rotation of Venus and Uranus is from east to west, 
or retrograde (Figure 2-4A). The rotation axis of 
Uranus lies essentially in its orbital plane, so that 
if Uranus presents its pole toward us now, in 
21 years we will lie in its equatorial plane (Figure 
2-4B). 

Mercury and Venus have slow rotation rates, 
which may be explained by a spin-orbit coupling 
and resonance. The synodic rotation period of Ve- 
nus (its rotation period with respect to the Earth) 
is 146 days, which is one-quarter of its synodic or- 
bital period. The sidereal rotation period of Mer- 
cury is exactly two-thirds its sidereal orbital period 
(Appendix 3). Hence, Venus is in a roughly 4:1 
synodic resonance with the Earth, and Mercury ex- 
hibits a 3:2 sidereal lock with the Sun. Both planets 
are slightly nonspherical. Solar tidal forces interact 
with these deformations, slowing each planet's 
direct rotation until a resonance is achieved. Mer- 
cury’s highly eccentric orbit resulted in the Sun- 
Mercury resonance (Figure 2-5): Mercury points 
alternate longitudes toward the Sun at each peri- 
helion, rotating three times in two sidereal orbital 
periods. 


@ Interiors 


The planets naturally divide into two groups (Ap- 
pendix 3): (1) the small, solid terrestrial planets 
(Mercury, Venus, Earth, Moon, and Mars), with 
masses no greater than the Earth’s, and (2) the 
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large, liquid Jovian planets (Jupiter, Saturn, Ura- 
nus, and Neptune), which range in mass from 
15Me to 318Me. (Pluto, a binary planet, does not 
fall cleanly into either class.) The split between ter- 
restrial and Jovian reflects fundamental differences 
in composition between the two groups. 

Planetary masses are determined (1) by apply- 
ing Kepler’s third law to satellite orbits and (2) by 
observing a planet’s gravitational perturbations on 
the orbits of other planets, asteroids, comets, and 
artificial space probes when there are no natural 
satellites. Planetary radii are deduced (1) by mea- 
suring the apparent optical size of the planetary 
disk, (2) by accurately timing the occultations 
(when the planet passes in front of an object) of 
stars, the planet’s moons, and space probes, and (3) 
by precisely timing radar pulses reflected from var- 
ious points on the planet’s surface for the closer 
planets. 

By dividing a planet’s mass M by its total vol- 
ume 47R?/3, we may define its mean density (p) 
(SI units = kg/m?): 


(p) = M/(47R*/3) (2-1) 


The density of pure water is 1000 kg/m?. The high 
densities of the terrestrial planets, in the range of 
3400 to 5500 kg/m, reflect the fact that they are 
composed of heavy, nonvolatile elements such as 
iron, silicon, and magnesium. The very low densi- 
ties of the Jovian planets (Saturn could float on wa- 
ter!) imply a composition similar to that of our Sun, 
with hydrogen and helium dominating. 

The internal structure of a planet depends 
upon the distribution of its chemical composition, 
density, temperature, and pressure. In general, the 
pressure increases closer to the center of a planet, 
and the temperature also rises as a result of the 
greater pressure. Different materials are stable un- 
der different conditions, so that the chemical com- 
position is radially layered—the interiors are dif- 
ferentiated, rather than homogeneous. The Earth 
has a metallic core above which lie lighter silicates; 
we expect Venus to exhibit a similar interior be- 
cause its mass and composition are similar to the 
Earth’s. The Jovian planets have thick interiors of 
mostly hydrogen and helium, probably with rocky 
cores. 

Using the observed average density, composi- 
tion, and oblateness of a planet, we may construct 
physically consistent models of its interior. Usually 
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a range of models accommodate our data, so that 
only improved theory and observation can lead us 
to a unique picture. 


Surfaces 


Whereas the Jovian planets and Venus show only 
their upper cloudy atmospheres, the other terres- 
trial planets and larger moons reveal surface mark- 
ings. The most important general data on planetary 
surfaces include color, albedo, and temperature. 

A planet’s color relates to the composition of 
its surface and atmosphere. The oceans and conti- 
nents give the Earth a blue color mottled with 
green, brown, and orange; large areas of cloud or 
snow cover appear white. The basaltic surface of 
the Moon looks dark gray with some tan, whereas 
the deserts of Mars give its characteristic brown- 
orange color. The surface of Io (a large moon of 
Jupiter) has a yellowish cast because of outflows 
from sulfur volcanoes. 

The albedo of an object is the fraction of the 
incident sunlight reflected by it. Astronomers usu- 
ally write this reflectivity as 


A = amount reflected/amount incident 


For planets with little or no atmosphere (Mercury, 
our Moon, and Mars), the albedo is very low be- 
cause basaltic rocks are poor reflectors. Icy sur- 
faces, as on most of Saturn’s moons, have moderate 
albedos. The high reflectivity of clouds leads to the 
high albedos of the Jovian planets and Venus. The 
Earth’s albedo is variable since it depends upon the 
season and upon snow and cloud cover; it averages 
about 0.35. Note that albedos are a function of 
wavelength; a rocky surface has different reflectiv- 
ities at optical and infrared wavelengths, for 
example. 

An important characteristic of planetary sur- 
faces is surface temperature. Let’s see how surface 
temperatures are observed and computed for 
blackbody radiators. Chapter 8 contains a com- 
plete discussion about blackbody radiators. Here 
we will introduce you to a few basics of these hy- 
pothetical objects. You can think of blackbodies in 
two ways: by their absorption properties and by 
their emissive ones. As the name implies, a black- 
body completely absorbs all forms of electromag- 
netic radiation striking it; none is reflected, and so 
its albedo is zero. When a blackbody heats up to 


some temperature, its spectrum of emitted light 
(Figure 2-6) has a characteristic shape, called a 
Planck curve, with one maximum. A blackbody’s 
emission peaks at the wavelength 


Amax = (0.002898 m)/T = (2898 um)/T (2-2) 


where T is the absolute temperature (kelvins) of the 
blackbody; one micrometer (um) equals 107° m. 
This relation is Wien’s law, which tells us that solar 
radiation (T ~ 6000 K) peaks at 0.5 wm; at normal 
room temperature (T ~ 290 K), the peak is at the 
longer infrared wavelength Amax = 10 um (Figure 
2-6). Hence, we can estimate a planet’s surface 
temperature by observing its peak of emission. 

Radiation of different wavelengths comes from 
different parts of a planet’s surface. Therefore, we 
can probe the temperature and composition of 
varying levels of a planet’s surface by observing 
the amount of radiation at different wavelengths. 
Because the Moon and Mercury have no atmo- 
sphere, infrared comes from the top few millime- 
ters of the visible surfaces, and longer-wavelength 
radiation originates several centimeters beneath the 
surface. We can use these thermal emissions to 
probe subsurface properties and conditions. 

A planet that radiates more energy per second 
than it receives from the Sun must have an internal 
heat source. Delicate measurements at the Earth’s 
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Figure 2-6 Continuous emission of reflected sunlight 
and a planet. Radiating like a blackbody, the Sun’s emis- 
sion peaks near 0.5 xm. For a planet at 290 K, the peak 
occurs at 10 wm. 
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surface reveal heat flowing from the hot interior; 
the same occurs with the Moon. The other planets 
known (from infrared observations) to produce ex- 
cess heat are Jupiter, Saturn, and Neptune. 

Now we will show how planetary blackbody 
temperatures are calculated (Appendix 3). The ba- 
sic idea is to find the temperature at which a small 
blackbody (a planet) must radiate to balance the 
energy input from the Sun. We use Stefan’s law of 
blackbody radiation (Chapter 8). This law relates 
the energy flux F (energy radiated per unit area 
per unit time, or W/m?) to the temperature T of a 
blackbody: 


F = oT* W/m (2-3) 


where the constant is o = 5.67 X 10°°W-: m?- 
K~+. Because the area of a spherical surface of ra- 
dius R is 47R?, our Sun radiates energy like a 
blackbody at the rate (To = 5800 K) 


4mRo*Fo = 40Ro20To! = 3.8 X 102°W 


which is the Sun’s luminosity (Lq—its total radi- 
ative power. This same energy flows through a 
sphere of area 471,” at the Sun-planet distance 1, 
so that the energy flux there is 


F, = 4nRo*Fo [Amr = (Ro/t)*Fo 


If 1 m? of blackbody material intercepts this energy 
head-on with the Sun overhead, it will be raised to 
the subsolar temperature (in kelvins): 


Tes = (Ro/tp) To ~ 394(r,)-/2 (2-4) 


since F, = oT;;4. In the last equality, we have in- 
serted the appropriate solar values and expressed 
t in astronomical units. The subsolar tempera- 
tures are essentially the equilibrium noontime 
temperatures. 

Although subsolar temperatures apply to the 
local noon on the surfaces of very slowly rotating 
planets (Mercury, the Moon, and Pluto), they are 
not appropriate for planets with atmospheres or for 
planets in rapid rotation. For these, assume that the 
effective absorbing area is the cross section 7R,* 
and that the effective radiating area is the total sur- 
face area 4nR,”, where R, is the radius of the 
planet. The albedo A is the fraction of incident solar 
radiation that is reflected, so that only the fraction 
1 — Ais absorbed. Therefore, energy absorbed per 
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second is 
qa — A)mR,7F, =(1 - A)7R,?(Ro/rp)?0To* 


while the planet radiates the power 47R,7oT,'. To 
fix an equilibrium temperature, we again use the 
concept of equilibrium: the rate of absorption of 
energy equals the rate at which it is radiated away. 
(Otherwise the temperature would either rise or 
fall.) Equating these and solving for the tempera- 
ture, we have (in kelvins) 


Tp = (1 = A)4(Ro/2ty)'To 


~ 2791 — A)4(r,)-¥/? (2-5a) 


with 7, expressed in astronomical units. The equi- 
librium blackbody temperatures (Appendix 3) fol- 
low when A = 0. For the subsolar temperature, we 
get 


Tss ~ 394(1 — A)M4(r,)-¥/2 (2-5b) 


By including the albedo effect, we may more 
closely approximate the observed planetary tem- 
peratures, but remember that these estimates ne- 
glect important complications, such as the circula- 
tion of planetary atmospheres, their heat retention, 
internal heat sources, and the variation of A with 
wavelength. 


® Atmospheres 


Of the terrestrial planets, Mercury and the Moon 
have essentially no atmosphere, Venus and Mars 
possess a carbon dioxide (CO2) atmosphere, and 
the Earth’s atmosphere is primarily molecular ni- 
trogen (N2) and oxygen (O2). The principal constit- 
uents of the atmospheres of the Jovian planets are 
molecular hydrogen (H2) and helium (He). In gen- 
eral, planetary atmospheres are densest near the 
planet’s surface and thin rapidly with increasing 
altitude. The composition of an atmosphere may be 
stratified, with the densest gases residing closest to 
the surface of the planet, but turbulent mixing and 
winds can lead to regions of homogeneous com- 
position. Far from the planet’s surface, incoming 
solar ultraviolet rays and X-rays usually ionize at- 
mospheric atoms or dissociate molecules to form 
the layered ionosphere (Chapter 4). 

To gain some understanding of planetary at- 
mospheres, consider a simple model for their re- 
tention. To a first approximation, an atmosphere 
behaves like a perfect gas, that is, as particles that 
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Figure 2-7 Maxwellian distribution of particles in a 
gas. The velocities of the particles spread around the 
most probable velocity vp, which marks the peak of the 
distribution. The numbers on the vertical axis have been 
normalized to the total n in the gas. 


interact only through elastic collisions. Such a gas 
obeys a special relationship between pressure, tem- 
perature, and density: 


P = nkT 


where P is the pressure (the rate of change of the 
particles’ momenta from collisions) in units of force 
per unit area (N/m), 1 is the number density of 
particles (#/m?), T is the absolute temperature (K), 
and, k is Boltzmann’s constant, equal to 1.38 X 
10-23 J/K. Now, from the continuous collisions, the 
particles of the gas achieve, at a given temperature, 
an equilibrium distribution of velocities so that 


F(v) dv « exp (—4mv?/kT)v? dv 


known as the Maxwellian distribution of velocities 
in a gas (Figure 2-7). Note that, because of the ex- 
ponential decrease, the distribution has a long tail 
at large velocities—a few of the particles have been 
boosted to high speeds by the collisions. The peak 
of this distribution defines a most probable speed: 


Up = (2kT/m)*/2 


where m is the mass of a gas particle. While the 
speeds of these particles (atoms or molecules) are 
distributed over a large range and change violently 
in each collision, the average kinetic energy per par- 
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Figure 2-8 Retention of atmospheric gases. Mean mo- 
lecular speeds are given as a function of temperature, 
along with the escape speeds for the indicated bodies. 
The dashed lines show ten times the mean molecular 
speeds, which defines an essentially infinite lifetime for 
that component in the atmosphere. 


ticle is 
(KE) = (m/2)(v2) = 3kT/2 (2-6) 


Here m is the particle’s mass and T is the kinetic 
absolute temperature of the gas. From Equation 
2-6 we obtain the root mean square speed 0,,s: 


Urms = ed = (3kT/m)1/2 (2-7) 


which tells us that the mean speed of the particles 
increases with temperature and decreases with 
mass. In the very thin upper regions of atmo- 
spheres, a particle that moves outward with the es- 
cape speed v, has an excellent chance of leaving the 
atmosphere, with v, being 


Ve = (2GM/R)!/2 (2-8) 
where M is the planet’s mass and R is its radius. If 
Urms = Ue for a given particle species, that gas will 


leave the atmosphere in only a few days. To retain 
an atmosphere for several billion years (approxi- 
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mately the age of the Solar System), a planet must 
have v, = 100;ms. (The factor of 10 takes into ac- 
count the high-speed tail of the Maxwellian distri- 
bution of speeds.) Therefore, a given type of mol- 
ecule is retained indefinitely when (Equations 2-7 
and 2-8) 


T = GMm/150kR (2-9) 


Figure 2-8 shows points corresponding to the equi- 
librium blackbody temperature (Appendix 3) and 
ve for the planets and some moons; the dashed lines 
represent 10U;ms; for various molecular species. In 
terms of this rough model, a planet retains all gases 
with lines passing below its point, and the other 
gases escape. This model reasonably explains that 
the Jovian planets have retained all gases and the 
Earth, Venus, and Mars have lost their hydrogen 
and helium but retained nitrogen and carbon di- 
oxide; that Mercury and the Moon have essentially 
no atmosphere; and that the largest moons have 
thin atmospheres. (Titan, in fact, has a dense at- 
mosphere composed largely of nitrogen but made 
smoggy because of photochemical reactions of 
methane and other compounds.) 


2-2 
MOONS, RINGS, AND DEBRIS 


Natural planetary satellites, or moons, are many in 
the Solar System, but together they comprise a total 
mass of only 0.1Me. Eight satellites are about the 
size of our Moon, while the others are much 
smaller and resemble large asteroids. Our Moon, 
the two satellites of Mars, the five inner satellites 
of Jupiter, the eight innermost satellites of Saturn, 
and five of Uranus’ moons have nearly circular or- 
bits lying essentially in their planet’s equatorial 
plane. Observations show that these 21 moons ex- 
hibit synchronous rotation from tidal friction (as 
does our Moon). 


Moons 


Only three moons circle the terrestrial planets, 
whereas the Jovian planets possess at least 54. The 
Jovian planets’ proximity to the asteroid belt means 
that they can capture asteroids gravitationally. The 
Jovian satellites with small masses, highly eccentric 
and inclined orbits, and retrograde motion are 
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probably captured asteroids, as are the Martian 
moons. 


@ Rings 

Four of the Jovian planets are known to have rings. 
Of these ring systems, Saturn’s rings are by far the 
most spectacular. In each case, the ring system is 
within the Roche limit [Section 3-4(D)]. These rings 
are made of many small objects, each in orbit 
around its parent planet. Some rings appear to be 
kept in line by small satellites just outside and in- 
side their boundaries. 


Asteroids 


In 1801 Giuseppe Piazzi (1746-1826) discovered the 
minor planet Ceres. By 1980, more than 300 aster- 
oids had been found with semimajor orbital axes 
between 2.3 and 3.3 AU—they make up the aster- 
oid belt. Today, the orbital elements of more than 
3000 asteroids are known, and each such body is 
numbered in order of orbit determination and 
given a name, such as asteroid 1000 Piazzi. 

Asteroids are too small to retain atmospheres, 
for their observed diameters range from relatively 
large (Ceres, 1020 km; Pallas, 538 km; Vesta, 549 km) 
to the more abundant smaller ones (about 1 km); 
certainly a multitude of small rocks also swarm in 
the asteroid belt. The total mass in asteroids is 
probably about a few percent of our Moon’s mass. 
The largest asteroids tend to reside farthest from 
the Sun, and the smallest closest; they are all in 
direct orbit about the Sun. Asteroids exhibit orbital 
eccentricities up to 0.83, with most in the 0.1 to 0.3 
range, and orbital inclinations as large as 68° but 
more typically less than 30°. 

The asteroid belt shows distinctly depleted re- 
gions, called Kirkwood gaps, at semimajor axes 
where the orbital period is a simple fraction (such 
as 1/2, 1/3, 1/4, 2/5, 3/7) of Jupiter’s orbital pe- 
riod. Periodic gravitational perturbations from Ju- 
piter have removed all asteroids from these gaps. 
Where the ratio of periods is 2/3 and 1/1, asteroids 
accumulate in groups, or families; the 15-member 
Trojan groups are situated at Jupiter’s orbit on the 
vertices of equilateral triangles with the Sun and 
Jupiter at the other two vertices. The Trojans are 
bound here where they are stable against pertur- 
bations about their equilibrium positions. Some as- 
teroids, which are known as the Apollo group and 
include Daedalus, Icarus, and Geographos, have 
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perihelia within the Earth’s orbit and may pass 
near the Earth at times. On June 15, 1968, Icarus 
careened past the Earth at a distance of a mere 
6.4 X 10°km. Some people feared a collision and 
predicted the world would end. It did not. 

Just as with Pluto, the rotation periods of as- 
teroids are determined from fluctuations in their 
reflected sunlight. Some observed light curves ex- 
hibit two maxima and two minima per cycle, cor- 
responding to oblong bodies that tumble every 3 
to 20 h (the average rotation period for asteroids is 
7 h). So we picture asteroids as irregular fragments 
of rock, several kilometers in diameter, spinning in 
a few hours and colliding with one another once 
every million years or so. 


@® Comets 


Comets are small and infrequent interlopers in the 
inner Solar System (Figure 2-9). Bright visual com- 
ets have tails that can stretch 90° across the sky. A 
comet is named after its discoverer (Comet Oterma) 
or co-discoverers (Comet Ikeya-Seki) and also by 
year in the order of its discovery (1971a was the 
first discovered in 1971, 1971b the next, and so on). 
After an orbit has been computed, the numbering 
is in the order of perihelion passage (Comet 1971 I 
was the first to pass perihelion in 1971). In 1997, 
Comet Hale-Bopp upstaged most comets seen in 
the past 200 years (see the Hale-Bopp Update). 
Most comets move in elliptical orbits (some ret- 
rograde) about the Sun and are members of the So- 
lar System. They fall into two distinct classes: (1) 
the long-period comets, which are the great major- 


Figure 2-9 Head and tail of Comet Kohoutek in Janu- 


ary 1974. 
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ity and which have orbital eccentricities very close 
to unity (almost parabolic), and (2) the much 
smaller group of short-period comets, which are 
periodic in their returns. Most observed comets 
reach perihelion around 1 or 2 AU from the Sun, 
and the inclinations of their orbits range through 
all values; hence, comets move in a spherical vol- 
ume centered on the Sun while the planets move 
near the ecliptic plane. The aphelia of long-period 
comets may extend as far as 50,000 AU, with orbital 
periods as long as a million years or even greater; 
these comets are seen only during one perihelion 
passage. In some cases, planetary gravitational per- 
turbations make comet orbits hyperbolic (e > 1) so 
that they escape the Solar System, while in other 
cases the orbits are changed into small ellipses. In 
this way, Jupiter has captured a family of about 45 
comets that now orbit the Sun with aphelia near 
Jupiter’s orbit. Short-period comets move around 
within the planetary system: Comet Encke has the 
shortest period, 3.3 years (a ~ 2.2 AU). The most 
famous short-period comet is Halley’s Comet, which 
returns to perihelion about every 76 years. 

With each perihelion passage, a comet loses 
material as a result of the intense solar heating and 
tidal forces; eventually the comet vanishes. Halley’s 
Comet, for example, sheds about 0.001 of its mass 
at each perihelion passage. Some short-period com- 
ets have been observed to split into several pieces 
or even disintegrate. 

Because comets waste away, the supply is re- 
plenished if we are to see them today. We presume 
that cometary nuclei were formed with the Solar 
System about five billion years ago. To account for 
their continued existence, Jan Oort hypothesized a 
spherical comet cloud out 50,000 AU from the Sun 
with about 10"! cometary bodies with a total mass 
of ~1Mo. At its outer edge, this reservoir loses nu- 
clei as a result of perturbations from passing stars; 
at its inner edge, planetary perturbations deflect 
nuclei toward the Sun. Further perturbations may 
cause a nucleus to either escape from the Sun al- 
together or enter a periodic orbit, where it slowly 
disintegrates. Recent estimates suggest as many as 
10'4 cometary bodies, including large numbers in 
more or less permanent orbits at 10,000 to 20,000 
AU. 


Meteoroids 


Roaming throughout the Solar System with orbits 
of all inclinations are the meteoroids. These range 
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Figure 2-10 The Barringer Meteor Crater. Located in 
Arizona near Flagstaff, this crater was formed by an im- 
pact some 40,000 years ago. (U.S. Air Force) 


in size from small asteroids (10 km) down to mi- 
crometeoroids (<1 mm) and interplanetary dust 
(~1 pm). Pieces from asteroid collisions form the 
larger rocks, while the smaller pieces come from 
disintegrated comets. When a meteoroid enters 
the Earth’s atmosphere, friction heats it to incan- 
descence and visibility at an altitude of about 
120 km—a meteor. From the brightness of mete- 
ors, we deduce that their average density is 200 to 
1000 kg/m? (similar to a comet’s nuclear material!). 
A meteoroid loses mass by vaporization, melting, 
and fragmentation, and it ionizes the air through 
which it passes. Some meteors are bright enough 
to cast shadows—these are called fireballs. A typi- 
cal meteor particle is about the size of a grain of 
sand; a fireball, the size of a pebble. 

Meteoroids that are not totally consumed in the 
atmosphere strike the ground as meteorites. Large 
meteorites produce craters, such as those preserved 
on the Moon and the kilometer-wide Barringer Me- 
teor Crater in Arizona (Figure 2-10). Smaller me- 
teorites do not annihilate themselves upon reach- 
ing the ground, and the micrometeorites (with 
diameters of 0.5 to 200 mm) simply drift through 
the atmosphere to deposit a total mass of about 
10° kg per day on the Earth’s surface. 

The Earth occasionally passes through a group 
of meteoroids—pieces of solid material from a 
comet. When this intercept occurs, we see a meteor 
shower in the sky (Figure 2-11). During such a 
shower, the meteors appear to come from a partic- 
ular point in the sky, called the radiant. Showers 
are usually named after the constellation in which 
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Figure 2-11 A meteor shower. This time exposure 
(note that the star images are trailed) shows a number of 
meteors from the 1966 Leonid shower. Tracing the trails 
back gives an approximate position of the radiant in Leo. 
(D. Milon) 


Figure 2-12 The zodiacal light. This short time expo- 
sure (note that the stars are trailed) shows the light above 
Mt. Haleakala, Hawaii. (A. Peterson and L. Kieffaber) 


their radiant lies. For instance, the Perseid meteor 
shower, appearing in August, seems to come from 
the constellation Perseus. The debris from a meteor 
shower comes from a comet. For instance, that 
for the Perseids is associated with a comet named 
1862 III. 
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Interplanetary Dust 


Finally we turn to interplanetary dust (size ~1- 
100 um), which probably comes from the dust tails 
of comets. Mariner space probes revealed dust 
clouds around the Earth and Mars. All planets have 
probably captured dust clouds by gravitational at- 
traction. The faint band of zodiacal light results 
from the sunlight reflected by a marked concentra- 
tion of dust in the ecliptic plane; the intensity of 
this scattered light diminishes with distance from 
the Sun (Figure 2-12). 


2-3 
MECHANICS APPLIED TO THE 
SOLAR SYSTEM 


Now that we've given a brief overview of the Solar 
System, let’s apply some of the concepts that were 
introduced in Section 1-5 to specific situations. 


Using Kepler’s Third Law 


The modern form of the harmonic law is Equation 
1-24: 


P? = 477a3/G(m, + m2) 


In applying this relation to the Sun (Mq@ and plan- 
ets (m p), considerable simplification occurs when 
we measure the sidereal periods P in years and the 
semimajor axes a in astronomical units, for then 


a?/P? = 1 + (m,/Ma 


(2-10) 


We have simplified by using Earth units; always 
use the units most appropriate to the system under 
consideration! Do this by forming ratios of Equa- 
tion 2-10 as 


(mm + my)/(my + m3)\(P/P')? = (a/a'y? 


where the system m, and mp2 (with period P and 
semimajor axis a) is compared with the standard 
system mj and mp (with P’ and a’). For objects or- 
biting the Sun or for binary stars (Chapter 12), the 
standard system is the Sun-Earth system: P is ex- 
pressed in years, a in astronomical units, and all 
masses m in solar masses (Mg). In these units, 
P? = a; that is, k = 1,s0 G = 47”. For planetary 
satellites (either natural moons or artificial satel- 
lites), we use the Earth-Moon system: set P’ = 
27.3 days, a’ = 3.84 x 10°km, and (mj + m3) = 


Mo (or 5.976 X 104 kg); we then obtain P in days, 
a in kilometers, and the masses m in Earth masses 
(or kilograms). 

An example: Consider a comet with an ellipti- 
cal orbital period of seven years; we want to find 
the semimajor axis of its orbit. Since Mo + 
Meomet ~ Mo, Equation 2-10 gives a = 72/3 = 
3.7 AU. Another example: Find the mass of Uranus 
(M.) in terms of the Earth’s mass. Miranda (whose 
mass is m,,), a moon of Uranus, orbits the planet 
in about 1.4 days at a mean distance of 128,000 km. 
Using the Earth-Moon standard system, we have 


(Mu + m™m)/(Me + Mm)\(Pm/P)? ~ 
(Mu/Me\Pm/P)? = (am/a)? 


where we have neglected the masses of Miranda 
and the Moon with respect to the much larger 
masses of their primary planets, Uranus and Earth. 
Substituting the relevant data, we obtain 


My ~ (27.3/1.4)7(128,000/384,000)3Me ~ 14Me 


@ Launching Rockets 


Consider projectiles launched vertically upward 
from the Earth’s surface. Neglecting air friction, 
which continuously decreases the projectile’s 
speed, we use the conservation of total energy to 
find the height to which the projectile finally rises. 

Near the Earth’s surface, the strength of the 
downward gravitational force is F = mg, where m 
is the mass of the projectile. Hence, the potential 
energy at altitude h is PE = mgh. If the speed of 
the body is v at ground level, its kinetic energy 
there is KE = mv?/2. Conservation of total energy 
requires 


TE = (KE + PE) ground = constant = (KE + PE), 


so that by evaluating TE ath = 0 and at maximum 
height h, we find mv?/2 = mgh or 


h = v7/2g (2-11) 


With g = 9.8 m/s2, a rock thrown upward with 
speed v = 14m/s will rise to a height of 10 m be- 
fore falling back to the ground. 

When we consider altitudes greater than about 
one Earth radius (h = Re), our previous approxi- 
mation breaks down and we must use Equation 
1-32. Evaluating this expression at the ground 
(Re) and at maximum height (Re + h), we find 


(mv?/2) — (GMem/Re) = —GMem/(Re + h) 
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or 


> 
| 


= Re{(v?Re/2GMe)/[1 — (v?Re/2GMe)]} 
= (v?/2g){Re/[Re — (v?/2g)]} (2-12) 


Equation 2-11 follows from Equation 2-12 in the 
limit v?/2g < Ro, that is, h < Ro. Note that 
when v2/2g = Re, at the speed v = (2gRe)”? = 
11.2kms‘1, the projectile escapes to h = ~. This 
critical speed is called the escape speed. 


Orbits of Artificial Satellites 
and Space Probes 


Most major space vehicles are placed into Earth or- 
bit—a parking orbit from which deep-space probes 
are accelerated toward the Moon and the planets. 
Multistage rockets lift the vehicle beyond the 
Earth’s atmosphere, where the final stages accel- 
erate the payload horizontally to the desired orbital 
speed. The Earth’s rotational speed (0.46 km/s at 
the equator) aids launchings toward the east. For a 
circular orbit at distance r from the center of the 
Earth (r = Reo + h, if h is the altitude of the orbit), 
the circular speed v, may be found by equating the 
centripetal and gravitational forces: 


ve = (GMe/r)'/? = vo(1 + h/Re)-”2 (2-13) 


where vo = (GMo@/Re)'”? = 7.86 km/s is the cir- 
cular speed at the Earth’s surface (neglecting at- 


mospheric friction). Rearranging Equation 2-13, we 
find 


v = 2!/2y[(Re/h + 17/2 


sothath — atthe escape speed Vescape = 2M2y,; 
note that this is the escape speed from the Earth’s 
surface, not from a satellite orbit. 

The orbit of a space probe depends critically 
upon the velocity at burnout. Consider the simple 
case of a projectile moving parallel to the Earth’s 
surface at this point (point A in Figure 2-13). The 
energy equation (Equation 1-28) gives the semi- 
major axis a of the orbit if we know the burnout 
speed v: 


a = 1/[2 — (v/v-,)*] (2-14a) 


where r is the distance from the Earth’s center to 
point A. We can now invert Equation 2-14a to find 
the injection speed needed to attain an orbit of semi- 
major axis a: 


v = 0,(2 — r/a)'/2 (2-14b) 
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Figure 2-13 Orbits around the Earth. At A, a spacecraft 
has burnout velocity v. If the velocity equals that for a 
circular orbit at that distance from the Earth’s center, a 
circular orbit C results. When v = 1.44 v,, a parabolic or- 
bit P ensues; for a greater velocity, the hyperbolic escape 
orbit H is hyperbolic. When v falls between these two 
limits, A is the perigee of elliptical orbit Ez; when 0 < 
v < v,, A is at the apogee of elliptical orbit Fj. 


A circular orbit of radius r = a results when v = 
Ue, as expected. When we havev = 21/20, = 1.440, 
the semimajor axis becomes infinite and the 
projectile escapes along a parabolic orbit; hence, 
this is the escape speed appropriate to radius r. 
When v > 1.44v,, the space probe escapes on a hy- 
perbolic trajectory. If v < 1.44v,, the projectile en- 
ters an elliptical orbit, and point A is either the per- 
igee (point closest to Earth) or apogee (point 
farthest from Earth) of the orbit, since the velocity 
is perpendicular to the radius vector at point A. For 
Ue < v < 1.440,, Equation 2-14a tells us that a > 
r at A; hence, we insert at perigee, and the orbit 
never approaches the Earth closer than A. For 
0 < v < u,, we havea < 1,s0 that A is the apogee. 
The satellite will collide with the Earth if the peri- 
gee distance is less than Re. 


©® Interplanetary Travel 


Spacecraft sent to explore the Solar System travel 
on orbits around the Sun, just as the planets do. 
One practical point is that complex spacecraft re- 
quire large expenditures of fuel to launch heavy 
payloads to the planets. You can, though, devise a 
least-energy orbit for launch that will be most eco- 
nomical of fuel. Recall from Chapter 1 that the total 
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energy of a bound orbit is proportional to —1/a, 
where a is the semimajor axis. So the smallest value 
of a has the least energy (the largest negative 
value). 

Consider a spacecraft targeted at Mercury (Fig- 
ure 2-14). The launch from the Earth determines 
the aphelion of the probe’s orbit; the arrival at Mer- 
cury fixes the perihelion point. In other words, the 
ellipse is just tangent to the orbit of the outer planet 
at aphelion and just tangent to the orbit of the inner 
planet at perihelion. For simplicity, consider the 
planetary orbits as circular (a good approximation 
for the Earth but not so good for Mercury). Then 
the major axis of the orbit is equal to the sum of 
the aphelion and perihelion distances, 2a = 
toer + Tap = 0.387 + 1.000 = 1.387 AU, so that 
a = 0.695 AU or 1.04 x 101! m. What would be the 
correct launch speed for the probe to follow the 
least-energy orbit? 

Apply vis viva equation 1-34 to the aphelion 
distance to find the aphelion orbital speed: 


v = VGMo[(2/r) = (1/a)) 
Vap = V(6.67 X 101.989 x 1030 kg) 
x V2/(1.5 x 10% m) — 1/(1.04 x 107 m) 
= 2.22 x 10*m/s 
= 22km/s 
The Earth orbits the Sun at about 30 km/s, so the 
spacecraft needs to be launched at about 8 km/s in 


a direction opposite to that of the Earth’s orbital 
motion. 


Least energy orbit 


Orbit of Mercury 


Orbit of Earth 
Figure 2-14 Least-energy orbit to Mercury. 


F Concept Application 


Least-Energy Orbits 


Consider launching a spacecraft on a least-energy 
orbit to Jupiter. How long would it take the space- 
craft to arrive at Jupiter? 

The major axis of the orbit is 2a = 1.00 AU + 
5.20 AU, so a = 3.1 AU. Apply Kepler’s third law 
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using astronomical units and years: 
P2 = a3 
so 
P = a*¥/? = (3.1)? = 5.5 years 


We want one-half the orbital period, so it will take 
the craft about 2.8 years to arrive after launch. 


Sky Kqualions & Cons 


Mean density of a spherical object 


(p) = M/(4aR*/3) 


Equation of state of an ideal gas 


P = nkT 


Average kinetic energy per particle in an ideal gas 


(KE) = 3kT/2 


Root mean square speed of particles in a gas 


Vrms = (3kT/m)/2 


Escape speed 
Ve = (2GM/R)*/? 


Subsolar equilibrium temperature of a slowly rotating 
planet 


Tys ~ 394(1 — A)4(r,)-¥? 


bers a 


1. (a) Describe the apparent path of the Sun across the 
sky of Mercury during one solar “day,” as seen 
by an observer at that planet’s equator. 

(b) Describe the seasons of Uranus, giving their du- 
rations where appropriate. 


2. Consider the planets Uranus, Neptune, and Pluto. 
Show that the ratios of their orbital periods are ap- 
proximately commensurable, that is, nearly fractions 
such as 3. 


3. Show that the two satellites of Mars, Phobos and Dei- 
mos, obey Kepler’s third law. Deduce the mass of 
Mars from the orbits of these moons. 


4. (a) How much does a spaceship having a mass of 
10° kg weigh on the Earth’s equator? At its poles? 
(Hint: Consider centripetal force.) 
(b) Remembering Jupiter’s rapid rotation, determine 
how much this craft will weigh at the equator of 
Jupiter’s surface and at the poles. 


5. Derive the formula that gives the synodic rotation 
period (solar day) of Venus with respect to the Earth. 
Verify the number quoted in the text. 


6. In the 17th century, O. Roemer concluded that the 
speed of light is finite by observing that the satellite 
Jupiter I (Io) was occulted by the planet approxi- 
mately 16.7 min earlier when Jupiter was in opposi- 
tion than when it was near superior conjunction. Use 
this information to draw an appropriate diagram and 
to calculate an approximate value for the speed of 
light (which Roemer did not do). 


7. How far from the star would we have to be (in as- 
tronomical units) to find a substellar temperature 
comparable to that of the Earth for 
(a) Rigel (surface temperature T = 12,000 K, radius 

R = 35Ro)? 
(b) Barnard’s star (T = 3000 K, R = 0.5Ro)? 


8. Formaldehyde (HCO) has been discovered in inter- 
stellar space. 
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10. 


11 


12. 


13. 


14. 


15. 


16. 
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(a) Calculate its “mean” molecular speed for T = 
280 K. Would our Moon retain this gas for bil- 
lions of years? 

(b) Would Saturn’s satellite Titan retain formalde- 
hyde? (For Titan, radius ~ 2600km, mass ~ 
1073 kg.) 


. Consider a comet with an aphelion distance of 5 x 


104 AU and an orbital eccentricity of 0.995. 

(a) What are the perihelion distance and orbital 
period? 

(b) What is the comet’s speed at perihelion and at 
aphelion? 

(c) What is the escape speed from the Solar System 
at the comet’s aphelion? What do you conclude 
from this result? 


Draw a diagram to explain why some meteor show- 
ers are consistent from year to year whereas others 
are spectacular on occasion and feeble at other times. 


The albedo of Venus is about 0.77 because of the 
cloudy atmosphere. What would the noontime tem- 
perature be? (The measured temperature is 750 K.) 


(a) At noon, Mercury’s surface temperature is 
roughly 700 K; at midnight, 125 K. Calculate the 
peak wavelength at which the surface emits at 
noon and at midnight. 

(b) Calculate the energy output per square meter of 
the surface at midnight and noon. 


The Earth, Venus, and Mars all have carbon dioxide 
in their atmospheres. Find the ratio of the root mean 
square speed to escape speed for each. Make a state- 
ment about the retention of carbon dioxide for these 
planets. 


What is the approximate orbital period for a come- 
tary nucleus in the Oort cloud? 


Calculate the blackbody equilibrium temperature of 
a fast-rotating asteroid with a radius of 100 km and 
an albedo of 0.5 in an orbit between Mars and Jupiter 
of semimajor axis 2.8 AU. 


Roughly speaking, the spin angular momentum of a 
sphere is MVR, where V is the equatorial velocity. 
(For a homogeneous sphere, it is 2/5 MVR.) Make an 
approximate calculation of the spin and orbital an- 
gular momenta of Jupiter and compare them with the 
spin angular momentum of the Sun. 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 


(a) What is the semimajor axis of the least-energy 
elliptical orbit of a space probe from Earth to 
Venus? 

(b) Relative to the Earth, what is the velocity of such 
a probe at the Earth’s orbit? 

(c) When the probe reaches Venus, what is its veloc- 
ity relative to that planet? 


Suppose that a projectile has a burnout speed 1.44v 
(where v,/1.44 < v < v,) at a distance r from the 
Earth’s center (r > Re). If the velocity vector points 
45° above the local parallel to the Earth’s surface, find 
the semimajor axis a, the sidereal period P, and the 
eccentricity e of the resulting elliptical orbit in terms 
of r, v, and constants. Can you also find the angle 
from burnout to the orbit’s perigee? [Hint: Section 2- 
3(C) is very helpful.] 


Compare the escape speed of a rocket launched from 
the Earth with the escape speed of one at a distance 
of 1 AU from the Sun (that is, the escape speed from 
the Solar System at the Earth’s distance from the 
Sun). 


The inner (terrestrial) planets have relatively small 
amounts of hydrogen in their atmospheres, yet the 
outer (Jovian) planets are predominantly hydrogen. 
Taking the Earth and Jupiter as typical examples of 
each class, calculate the ratio of the root mean square 
speed to the escape velocity of hydrogen for both the 
Earth and Jupiter. How do these values affect the 
relative observed amounts of hydrogen in the at- 
mosphere of each of these planets? 


From information given in the chapter, what is the 
approximate lifetime of Halley’s Comet, assuming a 
constant mass loss rate? What does this lifetime tell 
us about the existence of the Oort Comet Cloud? 


Comet Halley has an orbital period of 76 years and 

an orbital eccentricity of 0.967. 

(a) What is the comet’s perihelion distance? Aph- 
elion distance? 

(b) What is the subsolar temperature on Comet Hal- 
ley at perihelion? At aphelion? 

(c) The albedo of Comet Halley is 3%. What is the 
equilibrium blackbody temperature at perihe- 
lion? At aphelion? 


What would be the correct launch speed for a least- 
energy orbit to Mars? How long would it take a 
probe to reach Mars from the Earth? 


The Dynamics 
of the Earth 


efore investigating the Solar System in detail, 

we present the dynamics of our Earth in this 
chapter. Chapter 4 deals with the physical prop- 
erties of Earth and the Moon. Both the dynamics 
and physics of the Earth lay the base for an inves- 
tigation of the other terrestrial planets, because we 
know the Earth better than any other planet. 


3-1 
TIME AND THE SEASONS 


You are familiar with the words second, minute, 
hour, day, week, month, and year, but what exactly 
do they mean? Measuring time is arbitrary and 
conventional. Astronomers historically defined the 
second, minute, hour, and day in terms of the 
Earth’s rotation, the week and month in terms of 
the Moon’s orbital motion, and the year in terms 
of the Earth’s revolution about the Sun. (We sug- 
gest that you read Appendix 10 before proceeding.) 

Today, the second is the fundamental unit of 
time in the International System of Units (Appen- 
dix 6). Atomic clocks define the second: specifi- 
cally, as 9,192,631,770 periods of the light emitted 
in the transition between two energy levels in the 
cesium-133 atom. Such clocks form the basis of Co- 
ordinated Universal Time (UTC). Hydrogen maser 
clocks, which astronomers use sometimes as local 


standards, keep time with a precision of 1s in 30 
million years! 


Terrestrial Time Systems 


A day is historically defined as that time interval 
between two successive upper transits of a given 
celestial reference point. An upper transit occurs 
when a celestial reference point or body crosses the 
celestial meridian moving westward; the celestial 
meridian is the imaginary line drawn through the 
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north point of the horizon, the zenith, and the 
south point of the horizon. The vernal equinox is 
a point in space used as the zero point for sidereal 
time, and the sidereal day is arbitrarily divided 
into 24 sidereal hours of equal length, each of 
which consists of 60 sidereal minutes with 60 si- 
dereal seconds per minute. Now 1' corresponds to 
15° of the Earth’s rotation with respect to the stars, 
so that the local sidereal time is 0° 0™ 0° when the 
vernal equinox lies on our celestial meridian and 
2h when the vernal equinox is 30° (2 h) west of the 
celestial meridian. We define local sidereal time as 
the hour angle of the vernal equinox (Figure 3-1). The 
hour angle is how far west (positive) or east (neg- 
ative) of the meridian a celestial object is. The ver- 
nal equinox precesses westward along the celestial 
equator at the rate of about 50” per year [Section 
3-4(C)], and so the actual period of the Earth’s ro- 
tation (measured with respect to the stars) is 
0.008° longer than our definition for one sidereal 
day. 

Civil timekeeping on the Earth is based in a 
complicated way upon the position of the Sun in 
the sky. Apparent solar time is the hour angle of 
the real Sun plus 12", so local apparent noon al- 
ways occurs at 12" and marks the start of the ap- 
parent solar day. The length of the apparent solar 


NCP 


SCP 
Figure 3-1 Reference circles on the sky. Shown on the 
celestial sphere are the observer’s celestial meridian 
(CM), the celestial equator (CE), the north and south ce- 
lestial poles (NCP and SCP), and the hour angle (HA) of 
the vernal equinox (VE) along its hour circle (HC). 


day is not constant during the year, however, even 
to a given observer. These variations are caused by 
the eccentricity of the Earth’s orbit and the incli- 
nation of the Earth’s equatorial plane to the ecliptic, 
that is, its orbital plane (Figure 3-2). The Earth’s 


(A) 


(B) 


Figure 3-2 Variations in apparent solar time. (A) A schematic view of the Earth’s orbital 
motion in one day. Near aphelion A, the Earth rotates through 360° plus angle a to com- 
plete one apparent solar day. Near perihelion P, the Earth completes an apparent solar 
day by turning through 360° plus angle b. Hence, the solar day is longer at perihelion 
than at aphelion because b > a. (B) A rectangular map of the sky shows the ecliptic 
inclined 23.5° to the celestial equator (CE). The Sun’s eastward motion is shown at two 
points (1 and 2). Only the components of this motion parallel to the CE cause the apparent 


solar time to vary. 


orbital speed reaches a maximum at perihelion 
(about January 2) and a minimum at aphelion 
(about July 3), in accordance with Kepler’s second 
law. The Sun reflects this variable motion by mov- 
ing eastward along the ecliptic faster at perihelion 
than at aphelion. To return the Sun to noon, the 
Earth must turn through a greater angle, and so 
the apparent solar day is longer at perihelion than 
at aphelion. 

Another factor is that the Sun moves on the 
ecliptic but apparent solar time is measured along 
the celestial equator. So only that component of the 
Sun’s eastward motion parallel to the celestial equa- 
tor affects apparent solar time. To avoid the incon- 
veniences of this variable solar time, we define 
mean solar time as the hour angle of a fictitious 
point (the mean Sun) that moves eastward along 
the celestial equator at the average angular rate of 
the true Sun. The mean solar day begins at mid- 
night (with respect to this point), and its length is 
1/365.2564 of a sidereal year. The difference be- 
tween apparent solar time and mean solar time is 
called the equation of time; the mean Sun may 
lead or lag the true Sun by as much as 16 min. 

Now let’s compare sidereal time with mean so- 
lar time (Figure 3-3). The Earth’s rotation returns 
the vernal equinox to upper transit as the Earth 
moves the distance A in its orbit—one sidereal day 
has passed. Since the Earth has moved about 
360/365 ~ 1° around its orbit, it must rotate 
through this angle before the Sun returns to the 
local meridian and a mean solar day has passed 
(B). However, 1° corresponds to 4™ of sidereal time, 
and so the mean solar day is about 4 min longer 
than the sidereal day. The length of the sidereal 


To the 
Vernal 
Equinox 


Figure 3-3 Sidereal and solar days. As the Earth rotates 
once with respect to the vernal equinox, it moves 
through distance A in its orbit. To complete a mean solar 
day, it rotates about 1° more to bring the Sun back to the 
meridian. The Earth has then moved through distance B. 
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day is 23h 56™ 4.095 in mean solar time units, and 
so Stars appear to rise about 4 min earlier each night 
in terms of the mean solar time. A star that is in 
upper transit at midnight tonight will reach the me- 
ridian at 10 P.M. one month from now (30 X 
4m = 2h), 

Mean solar time differs at every longitude on 
the Earth’s surface because the hour angle of the 
fictitious Sun depends on the observer’s location. 
The practical difficulties of such a timekeeping sys- 
tem have been avoided by the establishment of 24 
time zones around the world. Within each longi- 
tudinal zone, which are approximately 15° (or 1) 
wide, all locations have the same standard time; 
the boundaries of each zone are adjusted for max- 
imum convenience (for example, a city is usually 
placed wholly within one time zone). The reference 
zone is centered on Greenwich, England, at 0° lon- 
gitude. Standard time at Greenwich is referred to 
as Greenwich mean time (GMT) or, equivalently, 
coordinated universal time (UTC); GMT and UTC 
are close but not the same. New York City lies 5h 
west of Greenwich in the eastern standard time 
(EST) zone, and so we subtract 5 from universal 
time to find the local New York time for such 
events. To take advantage of the extra hours of 
daylight during the summer [Section 3-1(B)], an 
hour is added to local standard time from mid- 
spring to mid-fall in many parts of the world. 
Hence, 11 P.M. Pacific daylight savings time (PDT) 
in San Francisco corresponds to 10 P.M. Pacific stan- 
dard time (PST), and we add 8? to Pacific standard 
time to find universal time since San Francisco is 
eight time zones west of Greenwich (universal time 
equals Pacific daylight savings time plus 7*). 

The Earth’s rotation rate is subject to small, un- 
predictable variations (Section 3-4), especially 
when compared to atomic clocks. To predict pre- 
cisely the positions of bodies in the Solar System, 
we require a steady time standard, and so UT is 
replaced by ephemeris time (ET) in celestial me- 
chanics. At the beginning of A.D. 1900, an ephem- 
eris second was defined as 1/31,556,925.97474 the 
length of the tropical year 1900; universal and 
ephemeris time were in agreement. Today these 
times differ by about 60°. 

The month is of ancient origin and derives 
from the Moon’s synodic orbital period of 29.53 
days. To fit within the seasonal year, months in 
western calendars have been given conventional 
lengths of 28, 30, and 31 days. The week of seven 
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days (each named after the Sun, Moon, and naked- 
eye planets in the astrological tradition) may be 
based upon the quarter phases of the Moon 
(29.53/4 = 7.38 ~ 79), but the exact origin is un- 
clear. In most Native American traditions, the days 
of the month are counted from the first to the last 
visible crescent, and so a month averages about 28 
days (the days of invisibility are not part of the 
count). 

The year is the time it takes the Earth to orbit 
the Sun, but different definitions give different 
types of years. For example, with respect to the 
stars, the Earth’s revolution takes one sidereal year 
of 365.2564 mean solar days (3654 6" 9™ 105), 
whereas the tropical year (the year of the seasons) 
of 365.2422 mean solar days (3654 5" 48™ 465) is the 
period with respect to the vernal equinox that pre- 
cesses about 50” westward along the ecliptic each 
year. Finally, because planetary perturbations 
cause the Earth’s perihelion to precess in the direc- 
tion of orbital motion compared to the direction of 
the vernal equinox, we call the time between suc- 
cessive perihelion passages the anomalistic year of 
365.2596 mean solar days (3654 6" 13™ 535). 

The Gregorian calendar, which attempts to ap- 
proximate the year of seasons (the tropical year), 
contains 365 days per common year and 366 days 
in years divisible by four (leap years). To achieve 
an accuracy of one day in 20,000 years, only those 
century years divisible by 400 are leap years (A.D. 
2000); century years divisible by 4000 remain com- 
mon (A.D. 8000). 
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@ The Seasons 


The Earth’s seasons—spring, summer, fall, and 
winter—arise because the Earth’s equatorial plane 
is inclined about 23.5° to the ecliptic plane (Figure 
3-4). The eccentricity of the Earth’s orbit is too 
small (e = 0.017) to affect the seasons greatly; note 
that perihelion now occurs during the northern 
winter (January 2). The number of daylight hours 
and the noon altitude of the Sun lead to the char- 
acteristic temperatures of the seasons; both depend 
upon the latitude of the observer and the Sun’s po- 
sition on the ecliptic. Let’s consider these two 
causes independently. 

When the Sun is at the vernal equinox (about 
March 21) or the autumnal equinox (about Sep- 
tember 23) along the ecliptic, its declination is 0°, 
and there are 12h of day and 12h of night at all 
points on the Earth’s surface. The noon altitude of 
the Sun is 90° (the zenith) at the equator and di- 
minishes to 0° at the poles. At the summer solstice 
(about June 22), the Sun attains its greatest decli- 
nation, +23.5°, and passes directly overhead at 
noon for all observers at latitude 23.5° N—the 
Tropic of Cancer. (About 3000 years ago, the Sun 
was in the constellation Cancer at the summer sol- 
stice.) On this date, the days are longest in the 
Northern Hemisphere, and summer starts there; at 
the same time, winter begins in the Southern Hemi- 
sphere, and the days are shortest there. 

The situation is reversed at the winter solstice 
(about December 22), when the Sun’s declination is 


Figure 3-4 The _ Earth’s 
equatorial inclination and the 
seasons. The Earth’s equator 
inclines 23.5° to the ecliptic, 
the plane of its orbit. Day and 
night are shown for the sol- 
stices and the equinoxes. The 
latitudes marked are (1) Arc- 
tic Circle (66.5° N), (2) Tropic 
of Cancer (23.5° N), (3) equa- 
tor (0°), (4) Tropic of Capri- 
corn (63.5°S), and (5) Antarc- 
tic Circle (66.5° S). 


Figure 3-5 Solar insolation. 
A unit of solar energy strikes 
the Earth over area A when 
the Sun is at its zenith. For 
other altitudes 0, the sunlight 
is spread over a larger area, 
A/sin 6. 
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—23.5°. The Sun then passes directly overhead for 
all observers at latitude 23.5° S—the Tropic of Cap- 
ricorn (the Sun 3000 years ago was in the constel- 
lation Capricornus at the winter solstice); it is win- 
ter in the Northern Hemisphere and summer in the 
Southern. 

Latitude 66.5° N is called the Arctic Circle. As 
spring becomes summer there, the days lengthen 
until the summer solstice, at which time the Sun 
doesn’t set for 24h; from fall to winter, the days 
shorten until the 24-h night at the winter solstice. 
North of the Arctic Circle, the Sun does not set for 
many days (the midnight Sun) in the summer and 
does not rise for many days in the winter. At the 
north pole, a six-month “day” begins at the vernal 
equinox and a six-month “night” begins at the au- 
tumnal equinox. South of the Antarctic Circle 
(latitude 66.5°S), exactly the same events occur 
six months after they have taken place in the 
north. 

The overall amount of solar energy received by 
the Earth varies annually with distance from the 
Sun. From day to day, the local heating effective- 
ness of this energy—the solar insolation—depends 
upon both latitude and time. The altitude of the 
Sun determines over what area a given amount of 
radiation is spread (Figure 3-5). Suppose that a 
unit of energy falls upon the area A when the Sun 
is at the zenith. When the Sun’s altitude is 0, this 
same amount of energy is spread over the area 
A/sin 6, so the heating efficiency decreases as 6 de- 
creases. Because of this projection effect, the sum- 
mer is warmer than the winter because the Sun is 
higher in the sky for more hours in the summer. 
The Earth’s equatorial regions are always warm be- 
cause the noon Sun never passes far from the ze- 
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A/sin@ = 1.16A Alsin@ = 2A 


nith. The poles have polar icecaps because the Sun 
spends many months below the horizon and al- 
ways Stays at a low altitude when it does rise. 

The Earth’s surface (especially the oceans be- 
cause of the high heat capacity of water) and at- 
mosphere are good thermal reservoirs and respond 
slowly to solar heating. As a result, temperature 
variations are moderated by daily and seasonal 
time lags between the extremes of solar insolation 
and the extremes of temperature. For example, the 
early afternoon is usually the warmest part of the 
day, even though solar insolation peaks at noon. 
February is the coldest month of northern winter, 
but December is the month of least insolation. 


EVIDENCE OF THE EARTH’S ROTATION 


How can we prove that the Earth rotates? The 
westward circling of the celestial sphere could be a 
reflection of the daily eastward turing of the 
Earth, but this is no proof because we could equally 
justify the concept of a rotating celestial sphere cen- 
tered upon a stationary Earth. We can prove the 
Earth’s rotation only by basing our arguments 
upon the well-verified dynamic laws of Newton. 


The Coriolis Effect 


The apparent trajectories of rockets and Earth sat- 
ellites can only be understood if the Earth rotates. 
Consider a projectile launched from the north pole 
to land at the equator (Figure 3-6). On a nonrotat- 
ing Earth, the projectile would clearly follow a sin- 


40 Chapter 3 The Dynamics of the Earth 


C2 


(A) (B) 


gle meridian of longitude during its entire flight. 
On a rotating Earth, however, the target on the 
equator moves eastward at 0.46 km/s and the pro- 
jectile lands west of the target. Though the projec- 
tile’s motion is due south, it appears deflected to 
the right with respect to the Earth’s surface. The 
fictitious acceleration that produces this effect—the 
Coriolis effect—was deduced by Gaspard Gustave 
de Coriolis (1792-1843) in 1835. 

Moving bodies always appear to be deflected 
to the right in the Northern Hemisphere and to the 
left in the Southern Hemisphere as seen from the 
point of origin of the motion. If the projectile’s ve- 
locity is v and the Earth’s vector angular velocity 
is w (its direction is toward the north celestial pole, 
and its magnitude measures the Earth’s spin in 
units of radians/s), then these observations are 
summarized in terms of the Coriolis acceleration: 


Acoriolis = 2(V X w) (3-1) 


The cross product yields the product of the per- 
pendicular components of v and w, and the direc- 
tion of acoriotis is the direction in which your thumb 
points when you align the fingers of your right 
hand along v and rotate them through the smallest 
angle to w (the right-hand rule). 

Let's derive Equation 3-1. A body moves with 
a constant radial velocity v above a turntable ro- 
tating with angular speed w (Figure 3-7). At time 
t, the body leaves the origin A and moves a dis- 
tance dr to point B in an infinitesimal time dt. 
Meanwhile, point B has revolved through the angle 


d6 = wat 
to B’. From the geometry, we have 
dr = vat and ds = dr dé 


Figure 3-6 Projectile trajectories on the Earth. (A) Ona 
rotating Earth, a rocket launched from the north pole (NP) 
is aimed at a target located at point 1. During the flight 
time, the Earth (and the target) rotate from 1 to 2. (B) The 
view from the Earth’s surface shows the rocket’s trajectory 
if the Earth did not rotate (P) and the actual one (P’). Note 
that the path curves to the right as seen by an observer at 
the north pole. 


Therefore, 
ds = (vdt\wdt) = vw(dt)* 


But Newton’s second law implies that a body 
moves the distance 


ds = a(dt)*/2 


in time dt when it experiences the constant acceler- 
ation a, so that 


ACoriolis = 2V X w 


Rotatin 
Turntable 


Figure 3-7 The Coriolis effect. A rotating turntable 
moves through angle dé while a body on it moves from 
A to B (distance dr) in time dt. At the same time, B rotates 
to B’ through distance ds. The body appears to be de- 
flected to the right relative to the turntable. 


Figure 3-8 General wind patterns on the Earth. Solar 
heating produces the vertical cells of convecting air, and 
the Coriolis effect deflects this motion to the right (North- 
ern Hemisphere) or left (Southern Hemisphere) to establish 
the easterly trade winds (ETW), the temperate westerlies 
(TW), and the polar easterlies (PE). Note that the pattern 
has three Hadley cells per hemisphere. 


In addition, the direction of the apparent deflection 
is to the right, as with Equation 3-1. 

The Coriolis effect controls the characteristics 
of large-scale wind patterns in the Earth’s atmo- 
sphere (as well as ocean currents). A cyclone is a 
local counterclockwise circulation of air in the 
Northern Hemisphere (clockwise in the Southern) 
produced by the rightward Coriolis deflection of 
air flowing toward the center of a low-pressure re- 
gion. An anticyclone arises when air flowing away 
from the center of a high-pressure region is de- 
flected into a local clockwise circulation in the 
Northern Hemisphere (counterclockwise in the 
Southern). Solar heating produces large-scale ver- 
tical cells of wind motion called Hadley cells (Fig- 
ure 3-8); note the triple structure in each hemi- 
sphere. At the Earth’s surface, the Coriolis effect 
causes these winds to flow in the known directions 
of the easterly trade winds (5 to 30° N and S), the 
temperate westerlies (35 to 50°N and S), and the 
polar easterlies (60 to 90°N and S). At low lati- 
tudes, the bands of relatively calm air are known 
as the doldrums (0 to 5°N and S) and the horse 
latitudes (30 to 35° N and S). 

Note that the Coriolis effect combined with 
convection creates the overall pattern of atmo- 
spheric flow. Convection transports thermal en- 
ergy from one location to another by the movement 
of hotter parts of a fluid into cooler regions. (The 
other two processes. that transport energy are ra- 
diation and conduction.) Convection takes place in 
the Earth’s atmosphere when the Sun’s radiation 
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Hadley 


To Sun— 


heats the ground and the air in contact with it. The 
air expands, and its density decreases. Cooler, 
denser air descends to displace the hotter air, 
which cools as it rises. The falling air heats upon 
contact with the ground and so eventually is dis- 
placed upward. This circuit of rising and falling air 
transfers heat from the ground into the atmosphere 
and also establishes the up-down flow. 


@ Foucault’s Pendulum 


In 1851, Bernard Léon Foucault (1819-1868) hung 
a pendulum from the ceiling of the Pantheon in 
Paris and proved the Earth’s rotation by noting that 
the pendulum’s plane of oscillation rotated during 
the day. If the Earth did not rotate, this rotation of 
the oscillation plane would not occur because all 
forces acting on the ball (the Earth’s gravity and 
the tension in the wire) would lie in the plane of 
oscillation. 

Step off the Earth and observe the pendulum 
swinging as the Earth turns. At the north pole, the 
pendulum oscillates in a fixed plane while the 
Earth rotates below it every 24 sidereal hours; the 
pendulum appears to rotate westward with the pe- 
riod P = 24". A pendulum swinging in the equa- 
torial plane at the Earth’s equator feels no forces 
perpendicular to the plane of oscillation and so 
doesn’t rotate at all (P = ~). At an intermediate 
latitude ¢ (Figure 3-9), the vertical component w 
of the Earth’s angular speed is wsin ¢. The angular 
speed is inversely proportional to the period of ro- 
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Equator 


Figure 3-9 Foucault’s pendulum. At latitude ¢, the 
vertical component of the Earth’s angular speed is w sin 
¢, and so the Earth rotates below the pendulum in a 
period proportional to 1/sin ¢. 


tation (w = 27/P), however, so that the pendulum 
appears to rotate westward with the period P = 
24'/sin $. Precise measurements of Foucault pen- 
dula verify this relationship in detail and permit a 
purely dynamical determination of the Earth’s pe- 
riod of rotation. (They also supply a means to mea- 
sure the Earth’s mass.) 


The Oblate Earth 


The shape of the Earth’s surface is that of an oblate 
spheroid; the polar radius (r, = 6356.8 km) is 21.4 
km less than the equatorial radius (7 = 
6378.2 km), so that the Earth’s oblateness is € = 
(te — %)/te = 21.4/6378.2 = 1/298.3. This oblate- 
ness indicates that the Earth rotates. If the Earth 
were a fluid body, its shape would prove its rota- 
tion since a fluid must adjust its shape to all exter- 
nal forces—a nonrotating fluid body is spherical. 

Today we know that the Earth’s materials have 
an average strength close to that of steel, but they 
are plastic and so maintain the equilibrium shape 
of a rotating fluid body. A mass m at latitude ¢ on 
a spherical, rotating Earth (Figure 3-10) experi- 
ences two accelerations [Section 1-4(A)]: (1) the 
gravitation acceleration GMo/r? directed toward 
the Earth’s center and (2) the centripetal accelera- 
tion w*rcos@ in the circular orbit of radius 


Figure 3-10 The Earth’s oblateness. A mass m at lati- 
tude ¢ has a gravitational acceleration A and centripetal 
acceleration B (from its rotation around the Earth’s axis). 
The vector sum of these forces results in a vertical com- 
ponent a that decreases the mass’s weight and a hori- 
zontal component b that causes the mass to slide toward 
the equator E. 


rcos ¢. If a mass is free to move (a fluid mass), the 
centripetal acceleration affects it. The vertical com- 
ponent of this centripetal acceleration affects it. The 
vertical component of this centripetal acceleration, 

= w*rcos* ¢, reduces the weight of a mass while 
the horizontal component, b = w?rsin ¢cos ¢, 
causes a mass to migrate to the Earth’s equator. 
Considering many such fluid masses (in fact, the 
whole Earth), we see that a bulge grows at the 
Earth’s equator until fluid masses can no longer 
climb this equatorial “hill”—establishing the equi- 
librium oblate shape. 


3-3 
EVIDENCE OF THE EARTH'S 
REVOLUTION ABOUT THE SUN 


As with the Earth’s rotation, we must be careful to 
verify the Earth’s revolution about the Sun. The fol- 
lowing three proofs were unavailable at the time 
of Copernicus and Kepler, and so the ideas of these 
two scientists were considered suspect and were 
slow to be accepted. Today these proofs are indis- 
putable evidence for the heliocentric model of the 
Solar System. 


3-3 


The Aberration of Starlight 


In 1729, the English astronomer James Bradley 
(1693-1762) discovered the aberration of starlight, 
and using the finite speed of light (now known to 
be c ~ 3 X 10°km/s; Bradley knew it was finite, 
but he did not have this value), he explained this 
phenomenon as caused by the orbital motion of the 
Earth. 

Suppose that you walk in a vertically falling 
rain with an umbrella over your head. The faster 


you walk, the farther you must lower the umbrella 


in front of you to prevent the rain from striking 
your face. When starlight enters a telescope, an 
analogous phenomenon occurs (Figure 3-11). If the 
Earth were at rest, we would point our telescope 
toward the zenith to see a star situated there. If the 
Earth is in motion at speed v, however, we must 
tilt the telescope in the direction of motion by an 
angle (where 6 is small and in radians) 


6 = tan 6 = vf/c (3-2) 


so that the bottom of the telescope can meet a light 
ray, which has entered the top of the telescope. 
Bradley observed this very small angle of tilt, 6 = 
20.49". Using Equation 3-2, we then deduce the 
Earth’s orbital speed as v = 60 X c = (9.934 X 
10-° rad)(3.0 X 105 km/s) = 29.8 km/s. 

The direction in which we tilt our telescope 
constantly changes as the Earth moves around the 
Sun. Because the Earth’s orbit is essentially circular, 
stars appear to trace out annual aberration orbits on 
the celestial sphere (Figure 3-12). A star at the 
ecliptic pole is seen to move around a circle of an- 
gular radius 20.49” once a year. Stars on the ecliptic 
oscillate to and fro along lines of angular half- 
length 20.49”. At an intermediate celestial latitude 
B (angle from the ecliptic), the aberration orbit is 
an ellipse with semimajor axis 20.49” and semimi- 
nor axis (20.49”) sin B. The Earth revolving around 
the Sun explains this observed behavior of the ab- 
erration orbits. 


@® Stellar Parallax 


As you drive along a highway in your car, notice 
that nearby objects seem to be moving backward 
with respect to more distant objects (Figure 3-13A). 
This perspective effect of our line of sight is termed 
parallax. According to the heliocentric model of the 
Solar System, nearby stars should exhibit parallax 
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v 
Telescope Moving 


Telescope at Rest 
(A) (B) 

Figure 3-11 The aberration of starlight. (A) A telescope 
is at rest and so pointed upward to observe the light 
from a star. (B) When a telescope moves at speed v (as 
a result of the Earth’s revolution), it is tilted through an 
angle @, so that the starlight reaches P at the same time 
as the bottom of the telescope does. 
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Figure 3-12 Apparent stellar orbits resulting from the 
aberration of starlight. The Earth is shown at four posi- 
tions in orbit around the Sun (1 to 4). The apparent paths 
traced out by stars because of the change in the direction 
of aberration during a year are shown for stars directly 
above the orbital plane (ecliptic pole), in the plane (the 
ecliptic), and at an intermediate position on the celestial 
sphere. The sizes of the apparent orbits are independent 
of the distances to the stars. 
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Figure 3-13 Parallax. (A) A nearby object appears to 
move with respect to the background as our baseline po- 
sition changes from 1 to 5. (B) A stellar parallax occurs 
(angle 7) as a result of the motion of the Earth around 
the Sun. The annual change in baseline position, from 
one side of the Earth’s orbit to the other, results in an 
apparent displacement of the star relative to background 
stars. 


effects on the celestial sphere since the Earth is in 
motion about the Sun (Figure 3-13B). If the ob- 
served parallax angle of a star is 7” (in seconds of 
arc), then, from Figure 3-13B, that star’s distance 
is 


d = (206,265/7") AU (3-3) 


Note that 206,265 is the number of arcseconds in 1 
radian. (See Chapter 11 for a complete discussion 
of stellar parallaxes and distances.) 

The heliocentric model of Copernicus remained 
on shaky ground until the first stellar parallax was 
observed in the 19th century. In 1838, Friedrich 
Wilhelm Bessel (1784-1846) published the first ob- 
served stellar parallax: 0.294” for the star 61 Cygni; 
at about the same time, F.G.W. Struve found the 
parallax of Vega (Alpha Lyrae), and T. Henderson 
found that of Alpha Centauri. Today we know that 
the nearest star is Proxima Centauri with a parallax 
of 0.764" and a distance of 270,000 AU (about 4 x 
1015 km, or 4 lightyears). All stellar parallaxes are 
less than 1.0.” 

As the Earth moves around the Sun in its orbit, 
each star traces out a yearly parallactic orbit on the 
celestial sphere (Figure 3-14). Stars at the ecliptic 


poles move in circles with radii dependent upon 
their distances from the Sun, and stars on the eclip- 
tic oscillate along lines. For the general parallactic 
ellipse, the ratio of semiminor to semimajor axes is 
sin B, where 8 is the celestial latitude of the star, 
just as for aberration orbits. Note, however, that for 
a given direction B, the aberration orbit is always 
the same but the parallactic orbit depends upon the 
star’s distance. Also, the aberration orbit of a star 
is 90° out of phase with the parallactic orbit. 


The Doppler Effect 


Our final proof of the Earth’s revolution uses the 
Doppler effect. Chapter 8 derives the fact that the 
wavelength of electromagnetic radiation (light) is 
shifted in proportion to the relative line-of-sight 
speed of the object observed. If a star emits radia- 
tion at the wavelength Ag and we observe this ra- 
diation at the wavelength A, then the Doppler for- 
mula for velocities much less than that of light is 


Ad/Ao = (A — Ao)/Ao = 2,/c (3-4) 


where 2, is the relative line-of-sight speed (positive 
for recession; negative for approach) between the 
observer and the observed, and c is the speed of 
light. 

For stars at the ecliptic pole, no Doppler shift 
occurs because we have no radial component of the 
velocity. At an intermediate celestial latitude B, the 
shift is sinusoidal with a period of one year, and 
the amplitude AA varies as cos B. The maximum 
amplitude of this Doppler shift occurs for stars on 
the ecliptic, where the full magnitude of the Earth’s 
orbital velocity comes into play; a standard method 
of determining the Earth’s speed of revolution is to 
measure this maximum shift and to use Equation 
3-4 to deduce v@ = 29.80 km/s. The spatial motion 
of a star with respect to the Sun superimposes a 
constant Doppler shift on the time-varying shift 
caused by the Earth’s revolution; the two effects are 
easily untangled. The Earth’s rotation also causes a 
diurnal Doppler shift with an amplitude propor- 
tional to cos ¢ cos 6, where ¢ is the terrestrial lati- 
tude of the observer and 6 is the declination of the 
observed source. 


3-4 
DIFFERENTIAL GRAVITATIONAL FORCES 


Two spherical bodies behave gravitationally as 
point masses. If the bodies are elastic or nonspher- 


Figure 3-14 Parallactic orbits. The Earth’s orbital 
change results in a periodic motion of stellar positions. 
Note that these are 90° out of phase with respect to the 
aberration orbits (Figure 3-12) and that their angular 
size depends on the distance to the star. Their shapes 
depend on their celestial latitude B. 


ical, or if several more bodies are on the scene, dif- 
ferential gravitational forces may become important. 
This effect arises because gravitation depends upon 
the distance between bodies, and different parts of 
an extended body (or system) will therefore expe- 
rience different gravitational accelerations. 


€@§ Tides 


If you have spent time near a large body of water, 
you know that the level of the water rises and falls 
twice daily in the tides and that a given tide occurs 
about an hour later each day. (Local conditions de- 
termine whether or not two tides occur every day 
at specific places.) The Moon is the principal cause 
of the tides because it returns to upper transit 53 
min later each day—at about the same time relative 
to high tide. The solid body of the Earth, which has 
much greater cohesion than water, also responds 
quickly to the Moon’s tidal forces. The Earth has a 
rigidity similar to that of steel, so that it responds 
to the Moon’s tidal forces by raising body tides sev- 
eral centimeters in height. 

Let’s use Newton’s laws to explain the tides in 
a general way. Assume that the Earth is essentially 
spherical. Cover this sphere with a uniform depth 
of water and ask what effect the Moon’s gravita- 
tional force has on this water (Figure 3-15A). By 
subtracting the vector acceleration at the Earth’s 
center C from each of the surface vector accelera- 
tions, we obtain the differential tidal accelerations 
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(Figure 3-15B). These tidal forces raise water tides 
about 1m high at points A and B on the line of 
centers, and the Earth rotates below this configu- 
ration once each day. Actual tides arise from forced 
oscillations in the Earth’s ocean basins, so that the 
height and timing of tides may differ markedly 
from the theoretical case. In some bays and estu- 
aries, the tidal waters may accumulate to heights 
greater than 10m. 

Now let’s be more quantitative in our deriva- 
tion of tidal accelerations. As a first approximation, 
we will neglect the small centripetal acceleration at 
the Earth’s surface due to the orbital motion of the 
Earth and Moon about their barycenter every si- 
dereal month (27.324). The centers of Earth and the 
Moon are separated by the distance d in Figure 
3-16, and a small particle on the Earth’s surface is 
at an angle ¢ to the line of centers. The gravita- 
tional acceleration of the Earth’s center due to the 
Moon has the magnitude A = GMm/d 2 and the 
particle’s acceleration is B = GMm/r?. Subtract A 
from B vectorially. The component of B perpendic- 
ular to the line of centers is unaffected by this sub- 
traction and has the magnitude 

a = Bsin 6 = GMmRo sin ¢/r3 (3-5) 
The component of B parallel to the line of centers 
is 


b = Bcos @ = GMm(d — Re cos ¢)/r? 
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and the remainder after subtracting A is the differ- 
ential of the force: 


b’ = (GMm/r)[d — Recos ¢ — (r3/d*)] (3-6) 


Using the law of cosines and the fact that 
Ro/d <« 1, we have 


r>? = d3[1 — 2(Re/d) cos @ + Re*/d2)9/2 ~ d3 


Therefore, Equation 3-5 finally becomes (to lowest 
order) 


a ~ GMmRe sin ¢/d3 (3-7a) 


Equation 3-6 may be written as 
b’ ~ (GMm/d?)[1 — (Re/d) cos @ — (r/d)*] 


and, expanding our result for r> using the binomial 
theorem (Appendix 9), we obtain 


b' ~ 2GMmRo cos ¢/d3 (3-7b) 


Equations 3-7 verify the qualitative picture (Figure 
3-15B) and indicate that tidal gravitational forces 
go as MR/d 3, where M is the mass of the source of 
tidal force, R is the size of the body being tidally 
influenced, and d is the separation of the two 
bodies. 


Earth 


pens East ~— 


Figure 3-15 Tidal forces on the 
Earth. (A) The gravitational attrac- 
tion of the Moon on the Earth is 
shown by selected force vectors. (B) 
The vector acceleration of the 
Earth’s center C is subtracted from 
the surface accelerations shown in 
part A. The resulting vectors show 
the tidal differential forces. 


—_ 
To Moon 


We can show this relatioriship for tidal forces 
generally by differentiating Newton’s law of grav- 
itation with respect to R: 


dF/dR = —2GMm/R? 


and by moving the dR to the right-hand side of the 
equation so that 


dF = —(2GMm/R3)dR (3-8) 


where dF is the differential gravitational force di- 
rected along R. Then dR is the diameter of a single 
solid body or the separation between two bodies 
close together that are being acted upon by the 
tidal forces. 

The Sun also produces tidal effects on the 
Earth. Since the differential accelerations go as 
MR/d3 and since R = Re in both cases, the tide- 
raising force of the Sun relative to that of the Moon 
is 


(Mo/Mm)(4 m/do)? = 

(1.99 x 10%° kg)/(7.36 X 1022 kg) 

X (3.84 x 105km)9/(1.50 x 108 km)? 
= 5/11 


Figure 3-16 The geometry of the 
Moon’s tidal forces on the Earth for 
a test particle at point a on the 
Earth’s surface. 


The tidal effects of the Sun and Moon combine vec- 
torially, so that the resultant tides depend upon the 
elongation of the Moon. When the Moon is at con- 
junction or opposition, the two forces add to pro- 
duce the very high spring tides; when the Moon is 
at quadratures, the two forces partially cancel to 
give the unusually low neap tides. 


@ Consequences of Tidal Friction 


When the Earth and the oceans yield to the tide- 
raising forces, energy is dissipated (in the form of 
heat) as a result of friction; most of this energy is 
lost in shallow seas and at shorelines, where ocean 
tides abut against the continents. This tidal friction 
reduces the energy of the Earth’s rotation, so that 
the length of the day increases at a current rate of 
about 0.002° per century. (This rate varies with 
time.) Tidal friction causes two fascinating phe- 
nomena in the Earth-Moon system: the Moon’s 
synchronous rotation and tidal evolution. 

The Earth raises body tides on the Moon that 
are about MeR,,/M,Re ~ 20 times higher than 
the Earth’s body tides. The enormous energy dis- 
sipation that results slowed the Moon’s rotation 
until the Moon was forced into synchronous rota- 
tion, where its sidereal rotation period is exactly 
the same as its sidereal period of revolution about 
the Earth. 

The average external torques exerted on the 
Earth—-Moon system are negligible, so that the total 
angular momentum [Section 1-5(A)] of the system 
must remain constant. The angular momentum of 
the Earth decreases as tidal friction slows its rota- 
tion; hence, the Moon increases its angular momen- 
tum by moving away from the Earth. Kepler’s third 
law then implies that the month must be length- 
ening. In the distant future, the “day” and “month” 
will become the same and equal to about 50 present 
days. The tide-raising forces accelerate the water, 
but the oceans do not respond instantly to the 
Moon’s tidal forces (Figure 3-17). As the Earth ro- 
tates beneath the Moon, the tidal bulges rise 
slightly eastward to the Earth-Moon center line. 
Bulge A is nearer the Moon than bulge B, and so 
A exerts a slightly greater force on the Moon. The 
resulting noncentral force accelerates the Moon, 
causing it to spiral away from the Earth. At the 
same time, the Moon’s force on the bulges decel- 
erates the Earth’s rotation (Newton’s third law). 
The Earth must have been spinning faster in the 
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Earth 
Figure 3-17 Tidal evolution. The Earth’s tidal bulges 
(A and B) are driven by frictional coupling to the Earth’s 
rotation to be ahead of the Moon’s orbital position. The 
friction slows the Earth’s rotation, and the bulges accel- 
erate the Moon in its orbit. 


past, and the month must have been shorter than 
today. Indeed, paleontological studies of fossilized 
corals, which lived about 10° years ago, show that 
there were 400 “days” in each year and that ocean 
tides were more vigorous than today—the Earth 
was rotating faster and the Moon was closer in the 
past. 

Let’s show more explicitly that the moon must 
increase its orbital radius to gain orbital angular 
momentum. Kepler’s laws require that the larger 
an orbit, the longer its period. So, if a body moves 
to a larger orbit, does its angular momentum 
(= mass X orbital radius < orbital speed) increase 
or decrease? It increases, proportional to the 
square root of the distance. 

Assume a circular orbit of radius R. Then 


L« RV 
where 


V = 2nR/P 


V2 = 4m?R?/P? 
But Kepler’s third law requires that 


P2 « R3 
1/V2«R 
or 
Va 1/R1/2 
Go back to 
L « RV 
x R/RiV2 
a R1/2 
as stated. 
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Precession and Nutation 


You are probably familiar with the behavior of a 
spinning top or a gyroscope. When the top’s spin 
axis is not aligned with the vertical, we expect the 
top to fall on its side, but instead the spin axis 
maintains the same angle to the vertical and simply 
rotates slowly about the vertical. This precession 
of the top is explained by Newton’s laws of motion. 

The Earth’s gravitational attraction F on the top 
produces the horizontal torque N = r X F [Section 
1-5(A)]. Since torque is just the time rate of change 
of the top’s vector angular momentum L(N = 
dL/dt), there is no vertical component to topple the 
top and so it can only rotate, or precess, about 
the vertical. Differential gravitational forces acting 
upon the oblate Earth’s (rotational) equatorial 
bulge produce torques that lead to a similar phe- 
nomenon—the precession of the Earth. 

The Moon and Sun cause the Earth’s lunisolar 
precession, with the Moon’s effect dominating. The 
Moon’s orbit is inclined about 5° to the ecliptic, but 
its average force is centered on the ecliptic. The 
Earth’s equatorial plane is inclined 23.5° to the 
ecliptic (Figure 3-18), with the prominent equato- 
rial bulges at A and B. Bulge A is more strongly 
attracted to the Moon than bulge B, and the differ- 
ential forces are indicated. The torque that results 
points into the page, so that the Earth’s angular 
momentum vector L precesses toward the west. 
The Sun induces a similar but slightly weaker ef- 
fect, and the perturbing torques from the other 
planets produce a planetary precession that amounts 
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Figure 3-18 Precession of the Earth’s axis. The differ- 
ential tidal forces on the Earth’s equatorial bulge (A and 
B) result in a torque (pointing into the page) that causes 
the Earth’s angular momentum vector L to precess west- 
ward around the ecliptic pole. 


to about 2% of the total. As a result of these 
torques, the celestial poles remain inclined 23.5° to 
the ecliptic pole but trace a circular path around 
the ecliptic pole once every 26,000 years. At pres- 
ent, the modestly bright star Polaris (Alpha Ursae 
Minoris) roughly marks the position of the north 
celestial pole, but in about A.D. 14,000, the pole star 
will be Vega (Alpha Lyrae). 

As the celestial poles precess, the intersection 
of the celestial equator and the ecliptic (vernal and 
autumnal equinoxes) progresses westward at the 
rate of 360°/26,000 years ~ 50” per year along the 
ecliptic (about 50” cos 23.5° ~ 46” per year along 
the celestial equator). This phenomenon of the 
precession of the equinoxes has several important 
consequences: it affects terrestrial timekeeping sys- 
tems through the definition of the day and the year; 
it changes those stars that a given observer would 
consider circumpolar; and it significantly affects 
the celestial coordinate positions (Appendix 10) of 
all celestial objects. Because the precession effect is 
readily observable, the positions of objects in the 
celestial equatorial coordinate system (Appendix 
10) must be constantly updated to the current 
epoch. 

Because the Moon and Sun move above and 
below the Earth’s equatorial plane, periodic varia- 
tions occur in the torques acting on the Earth’s 
equatorial bulge. These variations lead to a nuta- 
tion, or wobbling, of the Earth’s rotation axis. Small 
contributions to the nutation have monthly and 
yearly periods, but the principal contribution (dis- 
covered by James Bradley of aberration fame) of 
amplitude 9” and period 18.6 years is from the re- 
gression of the nodes of the Moon’s orbit (Chap- 
ter 4). 


@ The Roche and Instability Limits 


We have discussed the relative orbits of two grav- 
itating (rigid) spherical masses and obtained Kep- 
ler’s laws. Here we consider the effects of differ- 
ential gravitational forces upon nonrigid bodies 
and upon systems of more than two bodies. In gen- 
eral, a satellite cannot approach its primary planet 
too closely (the Roche limit) or stray too far (the 
instability limit) without dire dynamical con- 
sequences. 

Consider a spherical satellite of mass m and ra- 
dius r orbiting at a distance d from its very massive 
(M >> m) primary planet of mass M and radius R 


R 
g 2 
M 
= A 
pamaty Satellite 
(A) 


Primary 
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Figure 3-19 Roche and instability limits. (A) Sse — the Roche limit, when the 
differential gravitational force A and differential centripetal acceleration B between points 
1 and 2 exceed a body’s self-gravitation. (B) A satellite m escapes from its primary planet 
of mass Mj as a result of differential perturbations (a = A — B), arising from the per- 
turber of mass M2, when d exceeds the instability limit. 


(Figure 3-19A). If the satellite is large enough 
(r = 500 km), its self-gravitation dominates all co- 
hesive forces and determines its shape and 
strength. In 1850, Edouard Roche (1820-1883) dem- 
onstrated that such a satellite would be torn asun- 
der by tidal forces if it approached the primary 
closer than 


d = 244(py/pm)9R (3-9) 


where pm is the average density (SI units = 
kg/m?) of the primary and p,, is the average den- 
sity of the satellite. This distance is the Roche limit. 
For example, if our Moon were to come closer than 
d = 2.44(5.5/3.3)/3 ~ 2.9Re ~ 18,500 km from the 
center of the Earth, it would tidally disrupt into 
small fragments. 

Equation 3-9 was derived for a fluid satellite 
with the shape of a prolate (football-shaped) spher- 
oid in response to the primary’s tidal forces. Now 
consider a rigid spherical satellite to derive roughly 
this result (Figure 3-19A). Since the satellite’s or- 
bital centripetal acceleration w*d is produced by 
the gravitational attraction from the primary 
GM/d2, the angular speed of the satellite about the 
massive primary is (Kepler’s third law) 


o= (GM/d3)1/2 
The differential gravitational acceleration between 


the center of the satellite (point 1) and the outer 
edge (point 2) due to the primary is 
A = (GM/a?) — GM/(d + 1)? ~ 2GMr/d3 


and the differential centripetal acceleration be- 
tween these two points is 


B = w*(d + r) — wd = w*r = GMr/d? 


The combination A + B = 3GMr/d? must be bal- 
anced by the satellite’s self-gravitational accelera- 
tion, GM/r2, if the satellite is not to be pulled apart. 
That disruption occurs at 


= 1(3M/m)/3 (3-10) 


Because the average density is defined as total 
mass divided by volume, we have pm = 
3M/4rR? and pm = 3m/4mr>. Substituting into 
Equation 3-10 yields 


d = R3pm/pm)'? ~ 1.44(em/pm)3R (3-11) 


The numerical difference between Equations 3-9 
and 3-11 arises from our assumption of a rigid 
(nonfluid) satellite. 


Application 


What is the ratio of the tidal forces on Halley’s 
Comet at aphelion (35 AU) and perihelion (0.59 
AU)? Is the comet closer than Roche’s limit to the 
Sun, that is, will tidal forces rip it apart? 

The magnitude of the differential tidal forces is 


dF = (2GMm/R?) dR 


where dR is the diameter of the comet, M is the 
Sun’s mass, m is the comet’s mass, and R is the 
distance. Taking a ratio, all the factors cancel except 
the distances: 


dF ap /dFper a (Rper/Rap)? a 
(0.59/35)? = 48 x 10-6 


Tidal Forces 


The comet’s nucleus is basically ice, and its mean 
density is about that of the Sun’s. So 


=~ 2.4(1)!/3R ~ 2.4 solar radii 
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or about 17 X 10° km, which is much smaller than 
0.59 AU. Some comets, called sungrazing comets, ac- 
tually do come closer than Roche’s limit and are 
tidally disrupted. 


We can see this result more elegantly by con- 
sidering the differential form of tidal forces (Equa- 
tion 3-8) for two particles of equal size and mass 
that are just touching. Their attractive force is 


F = Gmm/(dr)? 


and we equate this to the tidal forces to find 
Roche’s limit d from mass M: 


Gmm/(dr)?_ = 2GMm dr/d? 
so that 
d = (2M/m)"3 dr 
which becomes, for bodies with uniform densities, 
d = 2.5(pm/pm)/°R (3-12) 


This result demonstrates that various cases differ 
only in the proportionality constant, which occurs 
in part for the internal density distribution and the 
cohesive strength of the materials. For rocky or icy 
bodies greater than 40 km in diameter, the numer- 
ical coefficient is 1.38, and for a body falling right 
into a planet, the coefficient is 1.19. In any case, the 
functional relationship is 


d« (pm /Pm )/3R 


The larger natural satellites in the Solar System or- 
bit beyond the Roche limit of their primaries, 
though some of Saturn’s tiny moonlets actually or- 
bit within it. Saturn’s beautiful system of rings lies 
about 80,000 to 136,000 km from the center of the 
planet and so is entirely within the Roche limit of 
about 150,000 km. The Jupiter, Neptune, and Ura- 
nus ring systems are also within the Roche limits 
for those planets. No rocky or icy satellite with a 


diameter in excess of about 40km can exist or 
could have been formed within these limits. That 
these rings are composed of multitudes of small 
solid particles implies that their cohesive strength 
is greater than the disrupting tidal forces. Artificial 
satellites certainly do orbit within the Earth’s Roche 
limit, but they are held together by the tensile 
strength of their materials. A solid sphere of steel 
1m in diameter can approach within 100 m of a 
point mass of 1Me@ before the tidal forces over- 
whelm its internal tensile strength! 

As a body orbits farther and farther from its 
primary, differential perturbations from other 
bodies become more important (Figure 3-19B). Be- 
yond the instability limit, the body escapes from 
its primary. The perturber M2 produces the differ- 
ential acceleration 


a = A — B = [GM2/(D — d)*] — GM2/D? 
~ 2GM,d/D? 


between the orbiting body and its primary (when 
d < D). When this acceleration equals the gravi- 
tational acceleration from the primary b = 
GM, /2?, the orbiting body is at the instability limit: 


d= (M,/2M>)!/3D (3-13) 


Note that Equation 3-13 is valid only when 
M, < Mz; when M, = Mp, we must use the exact 
relation 


d3(2D — d) = (M,/M>)D2(D — d)? (3-14) 


to solve for d in terms of D. From Equation 3-13, 
the instability limit for our Moon—with the Sun as 
perturber—is 1.7 Xx 10° km; this is four times the 
Moon’s present distance from the Earth, and so our 
Moon is now stable against escape. Comets may 
escape from the Solar System as a result of pertur- 
bations from other stars (M, ~ M2) when the com- 
ets’ aphelia lie at distances greater than about 
10° AU (since Equation 3-14 implies d ~ D/2 and 
D ~ 2 x 10° AU). 
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Key Equati bonis & Concepts | 


Coriolis acceleration Roche’s limit 


Acoriolis = 2(V X w) d= 244(om/pm)?R 


Differential tidal forces 


dF = —(2GMm/R?)dR 


\ Problems 


1. (a) How much does a sidereal clock gain (or lose) on a person’s weight reduced as he or she walks 


a mean solar clock in 5 mean solar hours? 

(b) What is the approximate sidereal time when it is 
noon apparent solar time on the following days: 
(i) the first day of spring, (ii) the first day of sum- 
mer, (iii) April 21, (iv) January 2? 


. In terms of azimuth and altitude (Appendix 10), de- 
scribe the Sun’s daily path across the sky during ev- 
ery season of the year at 

(a) the equator 

(b) latitude 35° N 

(c) the north pole 

Use such descriptive terms as noon altitude, sunrise 
azimuth, sunset azimuth, and angle at which Sun 
meets horizon. 


. Cape Canaveral is at longitude 80°23’ W and latitude 
28°30’ N. A rocket is launched from there due south, 
and it lands on the equator 10 min later. What is the 
longitude of impact? 


. In discussing the Coriolis effect, we mentioned that 
a body, which undergoes a constant acceleration a, 
will travel a distance s = at?/2 ina time t. Show that 
the speed of the body is proportional to time and that 
the body’s acceleration is indeed a. 


. The Earth’s rotation also produces an aberration of 

starlight. 

(a) What is the maximum value of this daily 
aberration? 

(b) Where on the Earth is this effect maximum? 

(c) For what stars (location on celestial sphere) is the 
effect maximum? 


. (a) If the centripetal acceleration from the Earth’s ro- 
tation is w*Re at the equator and if w = 27/P, 
where P is one day, then by what percentage is 


from the north pole to the equator? Ignore the 
Earth’s oblateness. 

(b) Now ignore the Earth’s rotation and find by what 
percentage a person’s weight increases as he or 
she walks from equator to pole on the oblate 
Earth? 

(c) Compare your results from (a) and (b) and com- 
bine them to deduce how the effective g varies 
from the Earth’s poles to the equator. 


. The Earth’s orbital speed is approximately 30 km/s. 


A star emits a spectral line at wavelength A, = 
5173nm (1nm = 10-?m). Over what amplitude 
does this wavelength oscillate as the Earth orbits the 
Sun when the star is located at the ecliptic (celestial 
latitude B = 0°)? 


. In Section 3-4(A), we computed the Moon’s differ- 


ential tidal forces at the Earth’s surface, ignoring the 
motion of the Earth-Moon system about its center of 
mass every month. Choose a coordinate system cen- 
tered upon this center of mass and rotating eastward 
with the angular speed w (due to this sidereal 
monthly motion) and include the centripetal accel- 
eration at the Earth’s surface to deduce the correct 
dependence of the total tidal acceleration at the 
Earth’s surface. Ignore the daily rotation of the Earth. 
(Hint: The Earth-Moon center of mass is located 
within the Earth.) 


9. Ona large piece of graph paper, plot to scale the dis- 


tances of the Roche limit and orbits of the innermost 
planetary satellites and rings for (i) the Earth, (ii) 
Mars, (iii) Jupiter, (iv) Saturn, and (v) Uranus. As- 
sume that py = pm in every case. Write a brief state- 
ment summarizing your results. 
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10. 


11. 


12. 


13. 


14. 
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Compare the tidal forces the Moon exerts on the 
Earth (at perigee) with those the Sun exerts on the 
Earth (at perihelion) and those Venus exerts on 
the Earth (at closest approach). 


Assume that the Earth and Moon are spherical and 
that the Moon orbits the Earth in a circle. Calculate 
the spin angular momenta of the Earth and Moon and 
compare these with the orbital angular momentum of 
the Moon. A spherical mass of uniform density has 
a spin angular momentum of (2/5)MVR, where V is 
the equatorial velocity and R is the radius. The sum 
of these momenta must be a constant for the Earth— 
Moon system (if we ignore external torques). From 
the rate of loss of the Earth’s spin angular momen- 
tum from tidal friction, estimate the rate at which the 
Moon moves radially away from the Earth. 


The Moon will move away from the Earth until it no 
longer lags the tidal bulges, and the angular momen- 
tum transfer will stop. Computer calculations indi- 
cate that this will occur at an Earth-Moon distance 
of 6.45 xX 105km. Calculate the Moon’s orbital pe- 
riod then. 


Compare the solar insolation at noon in Albuquer- 
que, New Mexico (latitude about 35° N), for the day 
of the summer solstice and the day of the winter 
solstice. 


An astronomer from Cullowhee, North Carolina (lat- 
itude 35° N, longitude 83° W), wants to visit a col- 
league in Hamilton, New York (latitude 43° N, lon- 
gitude 75.5° W). He hops into a plane, but finds on 
taking off that the weather is overcast and that it is 
impossible to navigate on the basis of landmarks. 
The compass is also broken, so he is able to navigate 
only by flying above the clouds in the direction of 
the North Star. He relies on the Coriolis effect to al- 
low for east-west motion while aiming his plane due 
north. 


15. 


16. 


17. 


18. 


(a) Will the Coriolis effect operate in the correct 
direction? 

(b) If so, at what average speed must he fly in order 
to be at the longitude of Hamilton when he has 
reached the proper latitude? 


(a) Because of the eccentricity of the Earth’s orbit, 
the magnitude of the aberration of starlight due 
to the Earth’s orbital motion is not constant. 
Determine the aberration at perihelion and 
aphelion. 

(b) Determine the aberration of starlight as seen from 
Mars at perihelion and aphelion. 


In the early 1980s the planets were all located on the 
same side of the Sun, with a maximum angular sep- 
aration of roughly 90° as seen from the Sun. This 
rough “alignment” was sufficient to make possible 
the Voyager spacecraft grand tour. Some people 
claimed that this planetary alignment would produce 
destructive earthquakes, triggered by the cumulative 
tidal effects of all the planets acting together. Very 
few scientists took this prediction seriously! To un- 
derstand why, compute the maximum tidal effects on 
the Earth produced by Jupiter (the most massive 
planet) and Venus (the closest planet). Compare 
these tidal effects to those caused by the Moon each 
month. 


In Problem 10, you compared the magnitude of tidal 
forces of the Sun and the Moon on the Earth. Are 
there special alignments of the Sun, Moon, and Earth 
that would result in greater than average high tides? 
Smaller than average low tides? Explain. 


The precession cycle of the Earth’s axis is about 
26,000 years. Estimate the average torque applied to 
the Earth. (Hint: As in Problem 11, you need to cal- 
culate the Earth’s spin angular momentum.) 


The Earth-Moon 
System 


ur detailed examination of the Solar System 

begins with our home planet, the Earth, and 
its satellite, the Moon. Centuries of probing the 
Earth have led to a good understanding of our 
planet, and the study of the Moon has been revo- 
lutionized by the space age since 1957, with 
manned and unmanned landings. This chapter out- 
lines our knowledge of our terrestrial neighbor- 
hood to find the Earth as the most evolved terres- 
trial planet and the Moon as a fossil world. 


4-1 
DIMENSIONS 


The size of the Earth was first determined by the 
Greek astronomer Eratosthenes (276-195 B.c.), who 
noted that, at the summer solstice, the noon alti- 
tude of the Sun in the city of Syene differed by 
7°12'from the altitude in Alexandria (Figure 4-1). 
Assuming that the Earth was spherical and noting 
that Alexandria was 5000 stadia due north of 
Syene, he found the Earth’s circumference to be 
(36077.2°) x 5000 = 250,000 stadia (~ 40,000 km 
if 1 stadium ~ 0.16 km). This value gives a radius 
within 1% of the Earth’s equatorial radius Re = 
6378.2 km. But we don’t really know the exact 
value of the stadium, and so the agreement with 
the modern value may be an accident. Eratosthenes 


certainly had the right idea in this method, for he 
got the correct ratio of the distance to the circum- 
ference. Modern measurements include techniques 
such as satellite geodesy and radar. 

The Earth is the major partner in the Earth— 
Moon system. The Moon is one of the largest and 
most massive satellites in the Solar System, rela- 
tive to its primary planet (Figure 4-2). Pluto’s sat- 
ellite Charon is first in this regard with Charon’s 
radius about 0.5 Pluto’s and mass one-seventh 
Pluto’s (Chapter 6). Our Moon’s radius is 1738 
km (0.272Re), and its mass is 7.35 X 10?2kg 
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North Vertical 


Pole to Zenith 7° 12' 


Figure 4-1 Geometry for Eratosthenes’ method for de- 
termining the size of the Earth. Note that the Sun’s rays 
come in parallel to each other. 


(0.0123M@). (See Appendix 3 for planetary data.) 
The mean distance between the centers of the Earth 
and the Moon is 384,405km, or about 60.3Re 
(Figure 4-3A). The barycenter (center of mass) 
of the system is located Mnam/(Mo + Mm) = 
(0.0123) < (384,400)/(1.0123) = 4671 km from the 
Earth’s center; the Earth and Moon monthly orbit 
this point, which is buried 1707km below the 
Earth’s surface (Figure 4—3B). 

We can estimate the mass of the Earth from arti- 
ficial satellite orbits if we notice that their mass is 
small relative to that of the Earth and use Kepler’s 
third law: Mo + m, ~ Me = 472a,3/GP,2. The re- 
sult is Ma = 5.98 x 10%4kg. The Moon’s mass is 
determined by observing the Earth’s motion about 
the barycenter. By knowing the Earth’s mass and 
the location of the barycenter, we compute M,, = 
(do/d,)Me = 7.35 X 1072kg = (1/81.3)Me, where 
d@ is the distance from the barycenter to the Earth’s 
center (= 4671 km) and d,, is the distance from the 
barycenter to the Moon’s center. 

The Earth-Moon distance is now determined 
by reflecting radar pulses from the lunar surface 


(accuracy of a few meters) or laser light pulses from 
mirrors set up by the Apollo astronauts (accuracy 
of about 1 cm). From the Moon’s apparent diame- 
ter, which averages 31’ of arc (about 1/2°), and the 
average Earth-Moon distance, we calculate its di- 
ameter to be 3476 km. Because of its eccentricity 
(e = 0.055), the Moon’s orbital distance ranges 
from 363,263 km at perigee to 405,547 km at apo- 
gee. The angular diameter of the Moon varies from 
32.9’ to 29.5’. 


4-2 
DYNAMICS 
Motions 


With respect to the stars, the Moon orbits the bary- 
center in one sidereal month (27.3229); with respect 
to the Sun, this orbit takes one synodic month (the 
month of phases, 29.5314). With respect to the 
Moon’s line of nodes (see the following discussion), 
the orbital period is one nodical or draconic month 
(27.2124), and with respect to its perigee, the period 
is one anomalistic month (27.5554). The Moon’s 
synchronous rotation period is one sidereal month, 
and so we see only one hemisphere of the Moon. 
The far side was first photographed by the Russian 
spacecraft Luna 3 in October 1959. 
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Synodic and Sidereal Periods 


The Moon’s synodic period is the time interval from 
one elongation with respect to the Sun (say, full- 
phase elongation = 180°) to the next same elon- 
gation. In contrast, the Moon’s sidereal period is 
the time interval between successive positions rel- 
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Figure 4-3 (A) The Earth-Moon system drawn to scale. 
(B) The location of the barycenter (center of mass) of the 
Earth-Moon system; it lies within the mantle. 


ative to the stars. They differ because as the Earth 
orbits the Sun, the Sun moves eastward with re- 
spect to the stars about 1°/day. 

Let T be the revolution period of the Earth 
around the Sun, and P the sidereal period of the 
Moon. The Moon gains on the Sun by an angle of 
(360°/P — 360°/T) per day, which must accumu- 
late to 360° in a synodic period S. So 


3607S = 360°7/P — 360°/T 


or 
1/S = 1/P — 1/T 
and with P = 27.3d, and T = 365.25d, then 
1/S = 1/27.3 — 1/365.25 = 0.0339 
S = 29.5 days 


Differential solar gravitational forces on the 
Earth-Moon system produce three significant ef- 
fects: (1) they tend to elongate the Moon’s orbit at 
quadrature, (2) they cause the perigee of the 
Moon’s orbit to precess eastward (direct) with a pe- 
riod of 8.85 years, and (3) they produce a torque 
on the inclined orbit, which causes the line of 
nodes (intersection of the Moon’s orbital plane and 
the ecliptic plane) to regress westward along the 
ecliptic with a period of 18.6 years. 


@ Phases 


The Sun always illuminates one hemisphere of the 
Moon, but from the Earth we see varying fractions 
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of the sunlit hemisphere depending upon the 
Moon’s elongation. The cycle of geocentric phases 
of the Moon lasts one synodic month (Figure 4-4); 
these phases occur in the following sequence: new 
(inferior conjunction), waxing crescent, first quar- 
ter (quadrature), waxing gibbous, full (opposi- 
tion), waning gibbous, third quarter (quadrature), 
waning crescent, and back to new. The Moon’s po- 
sition in the sky correlates with its phase. The first- 
quarter Moon rises in the east at noon, transits the 
local meridian at sunset, and sets in the west at 
midnight. As seen from the Moon, the Earth exhib- 
its similar phases in a reverse cycle (new Moon oc- 
curs at the time of full Earth), and relative to the 
Moon’s horizon, the Earth remains roughly at the 
same place in the sky. 


Eclipses 


In general, an eclipse occurs when the shadow of 
one celestial body falls on another body. Eclipses 
in the Earth-Moon system depend upon the 
Moon’s phase and the orientation of the line of 
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Figure 4-4 Lunar phases. The Moon is shown here at 
eight positions in its synodic phase cycle as it orbits the 
Earth. The shaded portion is the dark, unilluminated half 
of the Moon. The lunar images outside of those on the 
orbital path show the Moon’s appearance from the Earth. 
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nodes of the Moon’s inclined orbit, since the Moon 
must be near the ecliptic plane to pass directly be- 
tween the Sun and the Earth in a solar eclipse and 
to pass through the Earth’s shadow in a lunar 
eclipse (Figure 4-5). 


Solar Eclipses 


The Sun’s apparent angular diameter is 32’, almost 
the same as that of the Moon! The line of nodes of 
the Moon’s orbit points toward the Sun twice each 
year, so that new Moon can occur close enough to 
the ecliptic for the Moon to cover the Sun—a solar 
eclipse. When the Moon passes to one side of the 
center of the Sun, we see a partial solar eclipse. If 
the Moon is not near perigee in its orbit, its angular 
size is slightly smaller than that of the Sun and an 
annular solar eclipse can take place with a ring of 
the Sun’s disk visible. Near its perigee, when the 
Moon’s center crosses the Sun’s center, we have a 
spectacular total solar eclipse. 


Lunar Eclipses 


At the Moon’s orbit, the Earth’s shadow (where the 
Sun is totally hidden) is 9212 km across, which is 
equivalent to an angular diameter of 1°22.4’ as 
viewed from the Moon. When the line of nodes 
points down this shadow, a lunar eclipse can take 
place only at full Moon (Figure 4-6). Both partial 
and total lunar eclipses are possible, with the 


O Sun 


Line of Nodes, 


Moon remaining dark for up to 1°40™ in a central 
total lunar eclipse. 

The Greek astronomer Meton (c. 400 B.C.) noted 
that the Moon exhibits the same phase on the same 
day of the month at intervals of 18.6 years—this is 
known as the Metonic cycle. A similar phenome- 
non, also due to the regression of the nodes of the 
Moon’s orbit, is the Saros cycle. Similar solar and 
lunar eclipses take place at intervals of 223 synodic 
months (18 years, 10 days); because the Saros in- 
terval is 6585.32 days, we must wait three Saros 
cycles to see an eclipse repeat at the same place on 
the Earth. The Saros cycle comes about from the 
near equality of 223 synodic months, 242 nodical 
months, and 239 anomalistic months. 


INTERIORS 


The Earth 
The mean or bulk density of the Earth is 
(p) = 3Me/4mRe® = 5520 kg/m? 


(the density of pure water is 1000 kg/m*). Because 
the density of rocks at the Earth’s surface is about 
2800 kg/m, the interior of the Earth must be very 
dense. The Earth’s interior is stratified: a 35-km- 
thick surface layer, the crust, of density 3300 kg/ 


Figure 4-5 Lunar nodes and 
eclipses. The alignments of the Sun, 
Earth, and Moon are shown for one 
year. The shadows cast by the Earth 
and Moon are the shaded regions. 
The line of nodes (dashed line) must 
point to the Sun for an eclipse to oc- 
cur. Lunar (L) and solar (S) eclipses 
are indicated. 
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Figure 4-6 A time sequence of the later stages of a total lunar eclipse. From left to right, 
the series of exposures on the same negative shows the moon emerging from the Earth’s 
shadow. The Moon is moving to the left, leaving the Earth’s shadow behind. The succes- 
sive images are stacked to the right. (B. Walski) 


m?, then the solid mantle of silicates such as oliv- 
ine [(Mg, Fe)2SiO,] with densities ranging from 
3400 to 5500 kg/m? to a depth of 2900 km, next the 
2200-km-thick liquid outer core with densities 
from about 9900 to 12,000 kg/m°, and finally the 
solid inner core of radius 1300 km with densities 
around 13,000 kg/m? (Figure 4-7). 

This picture of the Earth’s interior has been de- 
duced from the study of the propagation of earth- 
quake waves (seismology). Earthquakes generate 
both longitudinal compression (P) waves and 
transverse distortion (S) waves, which travel on 
paths determined by the density and composition 
of the interior materials (Figure 4-8). Both types of 
waves are refracted by changes in the density of 
the medium through which they are traveling and 
reflected by density discontinuities; only the P 
waves, however, can propagate through a liquid 
region. By measuring whether the wave has com- 


pressional (P) or up-down (S) characteristics and 
its time of travel from the center of an earthquake, 
we infer the wave’s path through the Earth. No S 
waves are seen through the core (they are absorbed 
by the liquid outer core); P waves are refracted at 
the mantle—-core interface, and weak P waves re- 
flected by the solid inner core are observed. 

We do know that part of the Earth’s core is 
liquid, but its exact composition is not really 
known. Most geophysicists attribute the density 
jump to a change from silicates in the mantle to 
nickel-iron or some iron alloy in the core. What- 
ever its exact composition, the core is metallic in 
contrast to the rocky mantle; so the interior of the 
Earth is differentiated into layers of different 
densities. 

In 1995, Gary Glatzmaier and Paul Roberts de- 
veloped a new model of the Earth’s interior that 
predicted that the solid inner core rotates faster 
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Figure 4-7 The Earth’s interior. This model is inferred from seismic wave observations. 
(A) The run of density from the surface to the center; note the discontinuity between the 
core and mantle. (B) The variation in temperature, which rises quickly then levels off. (C) 
The trend in pressure, which has its greatest value at the center of the core. 


than the rest of the planet. This prediction was ver- 
ified in 1996 by clocking the speed of seismic 
waves. The analysis showed that the core rotated 
about 2/3 second faster per day, or about 1° per 
year. Over a century, the core gains about 90°. 
We can estimate some properties of the interior 
as follows. The Earth is neither expanding nor con- 


142° 


Figure 4-8 Seismic waves in the Earth. Both S (dashed 
line) and P (solid line) waves are shown. The S waves 
are absorbed by the liquid outer core, and the P waves 
are reflected by the inner core (light dashed line). 


tracting. At each layer in its interior, the downward 
force of gravity is just balanced by the upward 
pressure of the materials—a condition called hy- 
drostatic equilibrium. Consider a small slab of the 
interior of thickness Ar and area A. The gravita- 
tional force pulling the slab down is 


F, = ma = (r)A Ar (GM/r”) 


where p(r) is the density of the material in the slab; 
note that we calculate the mass of this slab from its 
density times A Ar, the volume of the slab. The net 
upward pressure on the slab is A AP, where AP is 
the pressure difference between the top and bottom 
of the slab. In equilibrium, these forces balance so 
that 


AAP = —p(r)A Ar (GM/r?) 
and 
AP/Ar = —p(r)(GM/r?) 
Take the limit as Ar — 0; then 
dP/dr = —p(r(GM/r?) (4-1) 


is the equation of hydrostatic equilibrium. It ap- 
plies to any situation of a pressure—gravity balance. 
For the interior of a stable planet, this condition 
then requires that the internal pressure increase as 
one goes deeper into a planet’s interior (because a 
greater weight is supported). 


Now we use the equation of hydrostatic equi- 
librium to estimate roughly the central pressure of 
a planet. Take M as the mass within radius r: 


M = (4/3) arp) 


and (p) as the average density within r. To simplify 
the calculation, assume that the density is constant 
throughout the planet and equals the average den- 
sity (p) and that the surface pressure is essentially 
zero compared to the central pressure, Ps ~ 0. 
Then 


dP = —(p)G(4/3)m(p)r dr 


which we then integrate from the center to the sur- 
face: 
R 


0 
| dP = 9? 4/3)x6 | rdr 


P, 0 


so 
P, = (2/3)mG(p)?R2 = (14 X 1071)(p)2R2 


in SI units (Pascals for pressure). Then for the 
Earth, we have a radius of about 6400 km and an 
average density of roughly 5500 kg/m%, so 


P, © (14 X 107)(5500 kg/m3)2(6.4 x 106 m)? 
= (14 X 107!°)(3.0 x 107)(4.1 x 1015) 
= 17 x 10! Pa = 17 X 10°atm 


Detailed models give a central pressure of some 
3.7 X 10°atm, so our estimate from hydrostatic 
equilibrium is pretty reasonable. 


@ The Moon 


From its mass and radius, we find the Moon’s av- 
erage density is 3370 kg/m3, similar to the density 
of the Earth’s crust. The Apollo missions have re- 
turned lunar surface samples with densities near 
3000 kg/m*. The composition of these samples is 
like that of basaltic silicates, so the density cannot 
increase much toward the Moon’s center because 
the bulk density is not much higher than the sur- 
face density. 

Seismic stations set up by Apollo astronauts 
have revealed that the Moon is seismically quiet; 
moonquakes measured less than 2 on the Richter 
scale, compared with 7 or 8 for major earthquakes. 

One current model of the Moon’s interior 
based on this lunar seismology includes a solid, in- 
active core, a mantle in which partial melting has 


4-4 Surface Features 59 


Ancient Crust 
(Anorthosite: iron poor) 


Source Region 


Pyroxene 
(Iron rich) 


p= 3500 kg/m3 


p =3200 kg/m3 Mare (basalt) 

p= 2900 kg/m3 
Figure 4-9 The Moon's interior. This model is based 
on Apollo measurements of seismic waves and heat flow; 
it shows typical values for sizes and densities for each 
region. The “source region” marks the location of moon- 
quakes. Note the asymmetry of the interior along the line 
to the Earth. 


occurred (but is not now liquid), and a crust at least 
60-70 km deep in some places (Figure 4-9). The 
region of the origin of moonquakes appears to be 
a warm layer between the mantle and core. So, the 
outer regions of the Moon’s interior appear to be 
stratified and differentiated. The core is not metal- 
lic, as expected from the low bulk density. 


4-4 
SURFACE FEATURES 


The surfaces of the Earth and Moon differ radically 
from each other. The Earth’s surface undergoes 
rapid and extensive evolution as a result of the hot 
interior and the thick, erosive atmosphere. Because 
the Moon’s interior is cold and because the Moon 
has no atmosphere, its surface has preserved its 
early development. Let’s briefly outline the char- 
acteristics of the Earth’s surface and then examine 
the lunar surface in contrast. 


Earth’s Surface and Age 


The surface of the Earth is the interface between 
the low-density crust and the atmosphere. The 
crust is composed of (1) the solid lithosphere of 
average density 3300 kg/m°, with light granitic 
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continental blocks reaching to a depth of 35 km and 
the denser basaltic ocean floors extending down 
only 5km, and (2) the liquid-water hydrosphere, 
which covers approximately 70% of the Earth’s sur- 
face area to an average depth of 3.5 km (Figure 4— 
10A). The crust floats on the mantle, in buoyant 
equilibrium. Slow motions of the upper mantle 
(caused by the heat released by radioactive decay 
of long-lived isotopes) drive continental drift, 
mountain building, and earthquakes. The Earth’s 
surface consists of a number of separate continental 
and oceanic plates. Along ridges in the oceanic 
plates, lava from the lower crust wells up to push 
the plates apart and move the continents around 
the surface (Figure 4-10B); this evolutionary pro- 
cess for the crust is called plate tectonics. 

Plate tectonics profoundly changes the face of 
the Earth over time scales that are astronomically 
short. The present continents, for instance, have 
moved considerably since their breakup from a sin- 
gle landmass 200 million years ago. Geologic evi- 
dence indicates that the rate of continental drift 
now amounts to only a few centimeters per year. 
That estimate has been confirmed by very-long- 
baseline interferometry (Chapter 9), which has de- 
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tected a drift of 1 to 2 cm/year now. Plate tectonics 
ensures that the ocean basins are the youngest part 
of the Earth’s crust because that is where new lava 
flows up from the mantle. 

How old is the Earth? Core parts of the conti- 
nental masses are the oldest parts of the crust. We 
can date the ages of these rocks by radioactive de- 
cay and so infer the Earth’s age. The radiometric 
dating technique works because of the natural in- 
stability of the nuclei of radioactive elements. 
When these nuclei decay, they break apart into 
simpler nuclei. The original isotope is called the 
parent; the resulting products are daughter atoms. 
With a large number of radioactive atoms, you can 
determine a gross rate of disintegration. Half a 
piece of uranium-238 (73°U) decays to lead (?°°Pb) 
in 4.5 billion years, half again in the next 4.5 billion 
years, and so on (Figure 4-11). You can calculate 
the amount of uranium left at any time, even 
though the decay time for any one uranium atom 
cannot be specified. Conversely, given a rock sam- 
ple containing 7°8U and 2°6Pb and knowing the 
half-life of uranium, you can calculate the age of 
the sample. This technique works because the 
products are rare isotopes in nature. 


Figure 4-10 The Earth’s crust 
and plate tectonics. (A) The up- 
per mantle, crust (lithosphere 
and hydrosphere), and plates, 
with convective motions in the 
mantle moving the plates. (B) 
Collisions between crustal and 
oceanic plates drive the evolu- 
tion of the surface structure. 
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Figure 4-11 Radioactive decay. During each half-life, 
one-half of the parent isotope decays. The form of this 
curve is that of an exponential decline. 


Elements in addition to uranium that can serve 
as radioactive clocks include rubidium (®’Rb), 
which decays to strontium (8’Sr) with a half-life of 
47 billion years, and potassium (*°K), which decays 
to the inert gas argon (#°Ar) with a half-life of 1.3 
billion years. The derived data are the time elapsed 
since the rocks were last solidified and the parent 
and daughter atoms trapped. Remelting and reso- 
lidification of rocks after their origin would reset 
their dating clocks. 

Let’s examine the functional form of radioac- 
tive decay. Given n, a large number of radioactive 
atoms, the average number decaying in a time in- 
terval dt will be dn, which is proportional to the 
number remaining at time t. So 


—dn = dAnadt 
dn/n = —Adt 


where A is the decay constant. We integrate this 
equation to get 


Inn = —At + constant 
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At t = 0, n = ng, and so 


Inn = —At + Inno 
Inn — Inng = —At 
In (n/ng) = —At 
and finally, 
n/no = exp(—At) (4-2) 


The half-life occurs when n = no/2 at time 7, so 
that 


tT = (In2)/A = 0.693/A 
Then 
n/ng = exp(—0.693t/7) (4-3) 


Suppose, for example, that a rock has an 4°Ar-to- 
40K ratio of 1/4. How old is it (assuming that the 
initial fraction of 4°Ar was negligible and no argon 
has escaped)? If the ratio Ar/K now is 1/4, then 
K original = Know + K decayed = Know + 1/4 Know = 
5/4 Know: SO 1(Know)/M(K original) = 4/5. Then 


4/5 = exp(—0.693t/r7) 
In 0.80 = —0.693t/r 
—0.223 = —0.693t/r 
0.322 = t/r 
t = 0.3227 = (0.322)(1.3 X 10° years) 
= 42 x 108 years 


@ Lunar Surface 


Through remote sensing and lunar landings, the 
surface and the first few meters of the Moon’s soil 
have been carefully studied. The surface is made 
up of gray-tan materials of basaltic composition 
with a very low average albedo (A = 0.07). As the 
Moon’s terminator (the line separating the dark 
and sunlit hemispheres) moves along the lunar 
equator at 15.4km/h, the surface temperature 
drops rapidly from a maximum of 380 K to a min- 
imum of 110K. We can calculate the subsolar 
(noon) temperature by Equation 2-5b with the al- 
bedo factor 


= 394[(1 — A)/D?]4 


where A is the Moon’s average albedo and D its 
distance from the Sun (1 AU). So 


T = 394[(1 — 0.07)/12]!4 = 387K 
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a bit higher than what is observed. (Note that we 
have assumed an equilibrium situation for a black- 
body directly illuminated by the Sun.) 


Visible Structures 


In A.D. 1609, Galileo first discerned (Figure 4-12) 
the dark lunar maria, or “seas” (which were given 
Latin names by Riccioli in 1651), the light lunar 
highlands with their numerous craters, and lunar 
mountains—all through his crude telescope. 
Spacecraft, manned and unmanned, have revealed 
a great deal about the lunar surface. 


Craters The entire lunar surface is pockmarked 
with craters: concave depressions with rims ele- 


vated above the exterior level, sometimes with a 
peak in the center of the floor. Craters range in size 
from microscopic pits to the largest on the nearside, 
Bailly, with a diameter of 295 km. The large crater 
Copernicus dominates the Ocean of Storms. The 
juxtaposition of different features permits us to de- 
termine relative ages, since young craters will 
clearly overlap older craters. The lunar maria have 
far fewer craters than do the lunar highlands, and 
so the maria are younger than the highlands. Many 
craters, especially Tycho and Copernicus, exhibit 
patterns of rays, which include numerous second- 
ary craters from the blown-out debris, which is 
called ejecta. 

The accepted model of crater origin is mete- 
orite impact, with the largest craters arising from 


Figure 4-12 Moon at last quarter. The ter- 
minator between the sunlit and dark regions 
separates the western (day) and eastern 
(night) sides of the Moon. The crater Coper- 
nicus with its extensive ray system is near the 
center. (Lick Observatory) 
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small asteroids that hit the Moon. A few lunar fea- 
tures, including some craters, such as Alphonsus, 
betray evidence of lava flows or volcanic origin, 
but very few are not impact craters. 

An impact crater is produced when an incom- 
ing meteoroid hits the surface and converts much 
of its kinetic energy to explosive thermal energy; 
the remainder of the kinetic energy fractures the 
surface materials and creates seismic waves. The 
meteoroid is vaporized upon impact. Lunar mate- 
rial scatters in analogy to chemical (TNT) or nu- 
clear explosions. A shock wave is formed as the 
meteorite strikes the surface, compressing the sur- 
face rock so that some of it is pulverized and be- 
haves like a fluid. This rocky material is ejected 
explosively, excavating a hole to form a crater, and 
is piled up to form an elevated rim. Some is flung 
out as an ejecta blanket of debris beyond the rim. 
Sprays of high-velocity particles land farther out to 
produce rays of secondary craters, and the rebound 
from the initial shock frequently raises a central 
peak (similar to the rebound when an object drops 
into a liquid). The meteoroid is destroyed in the 
process. 

An asteroid 10km in radius contains about 
2 x 10 kg of rock, and when it hits the Moon at 
a speed of 45 km/s, its kinetic energy of mv2/2 =~ 
1074 J vaporizes the rock to create a crater about the 
size of Copernicus. (Note that 45 km/s is the es- 
cape velocity from the Moon and that from the Sun 
1 AU away from it; this sum is the minimum speed 
with which an object falling in from “infinity” 
would hit the Moon’s surface.) Large craters such 
as Tycho, Calvius, and Mare Orientale required 
energies in the range 107! to 1076J for their 
excavation. 

Craters evolve and disappear slowly as mate- 
rial slides down their walls and as the walls them- 
selves slump (Figure 4-13); meteorite bombard- 
ment produces new craters, which fill, obliterate, 
and degrade the older craters. The lifetime against 
such erosion has been estimated at several million 
years for craters 1 cm in diameter, and longer than 
the age of the Moon for large craters (tens of kilo- 


Figure 4-13 Tycho crater. Note the rugged terrain outside 
the rim, and the central mountains. The wall of Tycho 
shows several ledges formed by slumping and the down- 
ward flow of the rim’s material. (Clementine mission, 
DSPSE) 
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meters in diameter). Although large craters do not 
disappear, their walls do slump and their rims and 
rays are eroded by meteoritic impact, temperature 
changes, and moonquakes. 


Highlands Most of the lunar surface consists of the 
light-colored, heavily cratered lunar highlands, es- 
pecially the lunar farside (Figure 4-14). The high- 


Figure 4-14 The lunar surface. This image of the lunar 
farside shows the cratered highland regions. The dark- 
floored crater on the east (right) is Tsiolkovsky. (NASA) 


lands have been radiometrically dated at 4.0 x 
10° years; this represents the oldest surviving lunar 
surface. In general, the highlands have a greater 
elevation than the maria, with an average differ- 
ence of 3 km. 


Lowlands (Maria) The large dark areas of the 
Moon’s surface are called maria or “seas” (the sin- 
gular is mare), although they are really flat plains 
of dark basaltic lava. Of the 30 maria known, only 
four are found on the farside of the Moon. Several 
are roughly circular and range in diameter from 
about 300 to 1000 km. These circular mare basins 
are impact features that subsequently filled with 
molten lava. The presence of old, flooded craters 
implies that some cratering occurred between the 
time of formation of the mare basin and the extru- 
sion of the lava. The impact model of mare basins 
is supported by the curved shape of some of the 
mountain chains (such as the Apennines) that bor- 
der and rise above the maria and by the observa- 
tion of ejecta sculpting on the nearby highlands. 
The Apennine Mountains resulted from uplifting of 
the crust at the time of the impact that produced 
Mare Imbrium. 

The maria have fewer craters than the lunar 
highlands; this lower crater density implies a 
younger age—an idea confirmed by the radiomet- 
ric dating of lunar samples, which are about 
3.2 X 10° years old. Fresh, young craters (ages ~ 
108 years), such as Copernicus, are seen superim- 
posed on the maria. 

In 1994, the Clementine spacecraft mapped the 
entire surface of the Moon to survey rock types and 
measure elevations with a laser altimeter. Giant im- 
pact basins showed up especially well, and in the 
southern region, Clementine revealed the south 
pole—Aitken basin (Figure 4-15), the largest in the 
Solar System with a diameter of 2250 km and a 
depth of some 12 km. Overall, Clementine found the 
Moon’s surface rougher than previously thought, 
with larger elevation differences. Clementine also 
gathered some impressive images of the Earth and 
Moon (Figure 4-16). 


Composition of Surface Materials 


American and Russian landers have probed and 
analyzed the lunar surface; the manned Apollo mis- 
sions also returned hundreds of kilograms of sur- 
face soil and rocks. The bedrock of the lunar sur- 


Clementine Mission 
Uncontroller Image Mosaic 
Lunar South Polar Region 
Orthographic Projection 
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Figure 4-15 South polar region of the moon. This mosaic is composed of 1500 Clementine 
images. An ancient basin appears in the south pole (center). The impact basin Schrédinger 
at about the 4 o'clock position is a double-ring basin about 320 km in diameter. (Image 
processing by Lunar and Planetary Institute) 


face is covered by a thin, well-mixed layer of loose 
soil and rocks—the regolith. The regolith was pro- 
duced by meteorite impacts that fragmented and 
scattered the bedrock and pulverized the soil over 
the eons. This soil ranges in depth from 2 to 10 m 
in the maria and is perhaps 10 m deep in the high- 
lands because of extensive cratering; large chunks 
of bedrock are frequently seen as boulders at the 
bottoms of and near deep impact craters. The lunar 
soil has the texture and strength of cohesive sand, 
and its color is dark gray with a shade of tan. 
Churning by meteorite impacts mixes the regolith 
thoroughly in about 50 million years. 


Materials brought back from the Moon (Figure 
4-17) include (1) samples of the cohesive, fine- 
grained soil containing particles of average size 10 
um, with an admixture of small (50 wm) glass or 
obsidian spheres; (2) small igneous rocks from ma- 
ria that show evidence of melting, recrystallization, 
and shock fracture; (3) small chunks of coarse- 
grained composite breccias, which resemble a com- 
pressed conglomerate of many materials; and (4) 
light-colored igneous rocks from the highlands, 
called anorthosites. Note that both highland and 
lowland rocks are igneous and so formed by the 
solidification of lava. They differ strikingly in com- 
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Figure 4-16 Earth and the Moon, viewed over the 
north pole of the Moon by Clementine. The large crater 
with the central peak in the foreground is Plaskett (di- 
ameter of 110km). (Image processing by the U.S. Geolog- 
ical Survey) 


(C) 


Figure 4-17 Lunar surface samples. (A) A mare basalt, 
showing the holes from gas bubbles in the lava. The pit 
in the center resulted from the impact of a small mete- 
orite. (B) A highlands rock containing anorthosite (white 
areas). This sample from Apollo 15 is known as the Gen- 
esis Rock. (C) A breccia, in which large pieces of other 
rocks are imbedded in the darker material that had 
melted from an impact. (NASA) 


position, however. The anorthosites are low- 
density aluminum and calcium silicates; the mare 
basalts are high-density magnesium and iron sili- 
cates. The anorthosites show large crystals, which 
indicate that they cooled more slowly than the 
mare basalts. The igneous rocks are fragments of 
the lunar bedrock brought to the surface by crater- 
ing, and the breccias were produced when the reg- 
olith was compressed into agglomerates by mete- 
orite impact. Most samples returned from the 
maria have been dated to 3.2 billion years, while 
some fragments in the highlands have ages as old 
as 4.6 billion years. Generally, highland rocks have 
ages of 3.8 to 4.0 billion years. 

One important conclusion derived from these 
ages is that the major part of the evolution of the 
Moon’s surface must have occurred within a very 
short time span—within the first billion years after 
the Moon’s origin. The mare basins formed well 
after the highlands, and their flooding by lava 
came later still. 

The chemical composition of the lunar surface 
is basically basaltic, with the following key fea- 
tures: (1) the maria are lavas of igneous (molten) 
origin; (2) the content of free iron is low, with the 
maria containing more iron, cobalt, and nickel than 
the highlands; (3) most of the volatile elements are 
underabundant, and some chemical differentiation 
has apparently taken place; (4) the lunar lavas have 
a higher content of iron and titanium bound into 
minerals than do terrestrial basalts; (5) the lunar 
materials are anhydrous; that is, they are not formed 
in the presence of water or water vapor. The areas 
sampled indicate that the maria are chemically ho- 
mogeneous and differ somewhat from the high- 
lands in that they have a considerably lower abun- 
dance of aluminum. 


4-5 
ATMOSPHERES 
The Moon 


Only a very small lunar atmosphere has ever been 
measured. Indeed, the Moon appears to have too 
little mass to undergo extensive internal heating to 
outgas material into atmosphere. In addition, the 
solar wind is very efficient in sweeping away any 
trace gases that might emerge at the surface. Even 
the exhaust gases from the Apollo landers did not 
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linger for long, and they briefly contributed a major 
addition upon landing and takeoff. The major con- 
stituents of the atmosphere come from material 
outgassed from rocks: about 40% Ne, 40% Ar, and 
20% He, with a surface pressure of only some 
104 atm. 

The following example demonstrates this 
point. Consider water dumped on the lunar surface 
by the Apollo astronauts. At lunar noon (T ~ 
400 K), the root mean square speed of water mol- 
ecules (Equation 2-7) is 


Vrms = (3kT/m)\/? 
= [3(1.4 x 10-23)(400)/(18) x (1.7 x 10-27)]1/2 
=~ 740 m/s 


so that Vesc/Urms ~ 3, Which means that the lifetime 
is only a few years as the molecules escape from 
the high-speed tail of the Maxwellian velocity dis- 
tribution. (Recall that in Chapter 2 we used the cri- 
terion that Vesc/Urms = 10.) 


@ The Earth 


The Earth lost its original atmosphere (of H, He, 
and H compounds) but produced a secondary at- 
mosphere as a result of volcanism and outgassing. 
The major components of outgassed material in- 
clude H,0, CO, Nz, and Ar. The large mass and 
gravitational attraction of the Earth permit it to re- 
tain this atmosphere, which was modified into the 
atmosphere we breathe today, mostly by the de- 
velopment of life on our planet (Table 4-1). 


WA 8am Chemical Composition of the 

Earth’s Atmosphere near Ground 

Level 

Percentage 

Gas (by Volume) 
Nitrogen (N2) 78.08 
Oxygen (OQ) 20.95 
Argon (Ar) 0.934 
Carbon dioxide (CO ) 0.033 
Neon (Ne) 0.0018 
Helium (He) 0.00052 
Methane (CH4) 0.00015 
Krypton (Kr) 0.00011 


Water vapor (H2O) Variable (0-4) 
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Atmospheric Structure 


The Earth’s atmosphere is layered (Figure 4-18). 
Nearest the surface is the dense, well-mixed tro- 
posphere, where most weather takes place. The 
temperature in the troposphere decreases steadily 
with height until we reach the tropopause at 15 
km. Then the temperature rises slightly in the thin, 
stable stratosphere, which extends to 40 km into 
the mesophere. A second temperature minimum 
occurs near 90 km (at about 190K), and then the 
temperature increases steadily through the ther- 
mosphere (90 to 250 km) until it levels off near 
1500 to 2000 K at the base of the exosphere. The 
exosphere marks the region where the atmosphere 
can escape into space. 

Atmospheric density decreases rapidly in the 
troposphere and then more gradually at higher al- 
titudes, the decline typical of an exponential func- 
tion. The Earth’s atmosphere is in equilibrium, so 
it obeys the hydrostatic equilibrium relation, Equa- 
tion 2-4. Assume that the atmosphere is an ideal 
gas, so that it has the equation of state 


P = nkT 


where n = p/m. Here, n is the number density (#/ 
m?), p the mass density (kg/m*), and m the mean 
molecular weight (in SI units of nitrogen masses) 
of the atmosphere gas. So 


P = pkT/m 
or 
p = mP/kT 
We substitute this for p in Equation 4-1: 
dP/dr = —P(m/kT)(GM/r?) 
or 
dP/P = —(m/kT)(GM/r?) dr 
Now recall that 
g(r) = GM/r? 


where g is the acceleration from gravitation at dis- 
tance r from the Earth’s center and M is the Earth’s 
mass within r. Then 


dP/P = —g(r)(m/kT) dr 


and, if we integrate this equation from some fo 
to r, 


P(r)/P(to) = exp[—g(m/KkT)(r — 10)I 


where we have assumed that g, T, and m are 
roughly constant over the range r — ro. Now define 
r — to = h, the height above the surface (7), and 


H = kI/gm ~ constant 
as the scale height. Then 
P(h) = P(ho) exp(—h/H) 


where hf is any height above a reference level hp. 
This relation is called the barometric equation; it 
applies to regions in planetary atmospheres where 
the temperature and mean molecular weight do not 
change rapidly. Note that H, the scale height, has 
the units of length; it is the distance to move up in 
the atmosphere for the pressure to decrease by 
l/e. At the Earth’s surface H ~ 8 km, and so the 
pressure (and density) at an 8-km elevation is 
roughly 1/e, 2.7 times less than at the surface. The 
pressure at the Earth’s surface is 1 atmosphere 
(atm) and equals 1.01 x 10° Pa. 

Whereas atmospheric density decreases stead- 
ily with height, the temperature profile exhibits 
three maxima from absorption of sunlight. Solar ul- 
traviolet rays and X-rays interact with the compo- 
sitionally stratified atmosphere to dissociate oxy- 
gen and nitrogen molecules and to ionize some 
atoms to produce the stratified density of free elec- 
trons in the ionosphere (about 50-300 km). The 
ionization balance of the ionosphere is self-regulat- 
ing because free electrons recombine faster with 
ions as more electrons and ions become available; 
hence, a steady-state equilibrium is set up. Concen- 
trations of atomic oxygen (O), atomic nitrogen (N), 
ozone (O3), and nitric oxide (NO, NO*) are found 
at different levels of the ionosphere, and the entire 
system acts as a shield that absorbs most of the 
solar radiation dangerous to life. 


Observed Effects of the Atmosphere 


Electromagnetic radiation is absorbed, scattered, 
and refracted by the Earth’s atmosphere, and all 
these phenomena depend upon the wavelength of 
the incoming radiation. The atmosphere is opaque 
to most wavelengths, transmitting (1) radio waves 
with wavelengths in the range 1mm to 20m 
(which are detected by radio telescopes) and (2) 


Figure 4-18 Pressure, density, 

and temperature change with 

altitude through each of the lay- 

ers of the Earth’s atmosphere. 700 
Note the change in scale be- 

tween 100 and 200 km. 
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visible light from 290 nm (near ultraviolet) to about 
lym (near infrared)—the “window” through 
which we see the Universe with our eyes and tele- 
scopes. Short-wavelength radiation (less than 290 
nm) dissociates and ionizes the atmosphere and is 
absorbed in the process. For example, the ozone 
layer (10-40 km) absorbs radiation from 300 to 210 
nm. In the infrared region (about 1 um to 1mm), 
radiation is absorbed when it excites molecules 
such as No, O2, CO, and especially H,O. At wave- 
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lengths longer than about 20 m, the ionosphere acts 
as a conducting shield that absorbs and reflects in- 
coming radiation. 

How the atmosphere affects visible light, from 
violet (410 nm) to red (650 nm), directly influences 
our view of the Universe. The most important ef- 
fects are scattering, extinction, refraction (and see- 
ing), and dispersion. Light is scattered when it in- 
teracts with a particle, and how it scatters depends 
upon its wavelength and on the size L of the scat- 
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terer. When light is scattered by atmospheric mol- 
ecules (L < A), the intensity of the scattered radi- 
ation obeys the Rayleigh scattering law: 


Iscat % 1/a4 


Hence, more blue light is scattered out of incident 
sunlight than red, and we see a blue sky. This pref- 
erential scattering causes the Sun (or any other star) 
to appear reddened when viewed through a consid- 
erable thickness of atmosphere, such as at sunset. 
The scattering depletes the blue light along the line 
of sight. Some radiation is scattered at every wave- 
length, even the red, so that a star’s brightness is 
dimmed by the atmosphere—this we term extinc- 
tion of the light. Astronomical observations must 
be corrected to account for reddening and extinc- 
tion. When L ~ A, such as for 1-wm dust particles 
scattering red light, the scattering law becomes 


Iscat * 1/A 


Finally, when L > 4, as for water droplets in 
clouds, the scattering is essentially independent of 
wavelength—clouds appear white because they scat- 
ter sunlight this way. 

When light passes from one medium to an- 
other, it is refracted, or bent. We characterize a me- 
dium by its index of refraction. The index of re- 
fraction of air increases with its density. Hence, 
starlight coming from a star at a true altitude 6 is 
refracted downward toward the Earth, so that it 
appears to reach the surface at the altitude angle 
@ > 6 (Figure 4-19). This effect, which vanishes at 
the zenith, becomes more important as we ap- 
proach the horizon. At the horizon, a celestial ob- 
ject appears to be elevated about 35’ above its true 
position, so that the setting Sun is actually below 


Figure 4-19 Atmospheric refrac- 
tion. Light rays from celestial objects, 
such as the Sun or any other star, are 
bent by the atmosphere so that they 
appear higher than they actually are. 
The effect is larger closer to the ho- 
rizon because the path length is 
longer. 
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the horizon when we see its bottom resting on the 
horizon. 

Density inhomogeneities in the atmosphere 
cause randomly fluctuating amounts of refraction 
for incoming light, so that stars appear to dance 
about (twinkle) in the sky. This effect limits the an- 
gular resolution of telescopes to about 1” (0.25” in 
exceptional cases), and we term this astronomical 
seeing. The seeing is good when the atmosphere is 
stable and the twinkling is small. Planets and sat- 
ellites with angular diameters exceeding the seeing 
limit shine steadily because only their edges 
twinkle. 

With all these effects interfering with light from 
space (especially with the opacity of the Earth’s at- 
mosphere to most wavelengths of electromagnetic 
radiation), you should not be surprised that ob- 
servers locate their instruments on mountaintops 
or strive to view the Universe from spacecraft. The 
ideal observatory is clearly one located above the 
Earth’s obscuring atmosphere, such as on the 
Moon! There, the lack of atmosphere means no see- 
ing problems, no refraction or extinction, and no 
wind and weather—a remote observing site of the 
highest quality in the inner part of the Solar 
System. 


MAGNETIC FIELDS 
Lunar Magnetism 


The Earth’s magnetic field, with a strength of about 
4 X 10-°T at the surface, has been studied for sev- 
eral hundred years. In contrast, lunar magnetism 


could be investigated only with space probes to the 
Moon’s surface. Magnetometers placed there by the 
Apollo astronauts reveal that the intrinsic lunar 
magnetic field is less than 10-2T, but localized 
sources of magnetism exist on the Moon with 
strengths around 10-8 T. In any case, the Moon’s 
global magnetism is negligibly small now. If the dy- 
namo model [Section 4-6(B)] for the origin of a 
planet’s magnetic field is correct, then the Moon’s 
core cannot be molten or composed mainly of iron 
and nickel. (Also, the Moon’s density is too low for 
it to have a metallic core.) On the other hand, some 
surface rock samples are magnetized much more 
than you would expect from such a weak magnetic 
field. Iron minerals in an igneous rock preserve the 
magnetic field present at the time of solidification. 
In the past the Moon’s magnetic field was stronger 
than it is now; how so remains a puzzle. 


@ The Earth’s Magnetosphere 


The Earth has a dipole magnetic field whose axis 
is inclined 12° to the Earth’s rotation axis, with field 
lines that emerge at the north magnetic pole and 
re-enter at the south magnetic pole. The Earth’s ro- 
tation helps produce the magnetism. Fluid motions 
in the metallic (electrically conducting) outer core, 
made into stable convective zones by the Coriolis 
effect, are believed responsible for the magnetic 
field, through some type of dynamo (moving elec- 
tric charges produce a magnetic field). Paleomag- 
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netic investigations have shown that the field re- 
verses its direction in a random way with an av- 
erage period of about 104 to 10° years, and today 
we observe that the strength of the field is slowly 
decreasing. 

Because the strength of a dipolar magnetic field 
drops roughly as 1/r with distance r from the 
Earth whereas the density of the atmosphere falls 
exponentially, the magnetic field is important far 
beyond the atmosphere. The domain of the Earth’s 
magnetic field is the magnetosphere, which ends 
at the magnetopause boundary, where it meets and 
interacts with the solar wind (Figure 4-20). The 
magnetosphere has a comet-like structure caused 
by the solar wind’s pushing the Earth’s magnetic 
field away from the Sun. Within 10Re@ of the 
Earth, the dipolar field is still evident; beyond there 
lies an abrupt shock-and-transition region on the 
sunward side and the magnetotail longer than 
1000Re@ pointing away from the Sun. 

The Earth’s magnetosphere contains complex 
physical processes involving plasmas and electro- 
magnetic fields. Luckily, this magnetosphere is the 
closest one and has been closely studied since the 
beginning of space exploration. It serves as the 
model for other magnetospheres in the Solar Sys- 
tem, which are found around other planets and 
with comets. The key point is this: The interaction 
of the solar wind and the magnetosphere creates a 
planetary electromagnetic generator that converts 
the kinetic energy of the solar wind into electricity 
at a rate of some 10° megawatts! 


Shock Front 


Figure 4-20 The Earth’s mag- 
netosphere. The solar wind en- 
counters the Earth’s dipolar 
magnetic field to create a shock 
wave behind which lies the 
magnetosphere. The wind cre- 
ates a long tail, within which 
lies a sheet of plasma. Units are 
in Earth radii. 
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Van Allen Radiation Belts 


The magnetopause deflects the solar wind away 
from the Earth, but many protons and electrons 
leak into the magnetosphere. There they are 
trapped by the Earth’s dipolar magnetic field in to- 
roidal radiation belts, concentric to the magnetic 
axis (Figure 4-21). The discovery of these belts 
(Van Allen radiation belts) by a group headed by 
James A. Van Allen came from satellite observa- 
tions in 1958. 

Even though both protons and electrons are 
found throughout the magnetosphere, there are 
two belts of particular concentration: (1) the small 
inner belt between 1R@ and 2Re, where protons of 
energy 50 MeV and electrons with energies greater 
than 30 MeV tend to reside, then a distinct gap, and 
(2) the large outer belt from 3Re to 4Re, where less- 
energetic protons and electrons are concentrated. 
(The electron volt, eV, is a convenient energy unit 
in atomic and particle physics; 1eV = 1.6021 x 
10719J, 1keV = 107 eV, and 1MeV = 10° ev. It is 
the energy gained by an electron accelerating 
through a potential difference of 1 V.) The inner 
belt is relatively stable, but the outer belt varies in 
its number of particles by as much as a factor of 
100. The particles trapped in the belts come mostly 
from the solar wind. 

The charged particles trapped in the radiation 
belts spiral along lines of magnetic force while 


Geomagnetic 
ASE. 


bouncing (with periods from 0.1 to 3 s) between the 
northern and southern mirror points (Figure 4-22). 
Particles in the inner belt may interact with the thin 
upper atmosphere at these mirror points to pro- 
duce the aurorae [Section 4—6(D)]; such particles 
are lost from the belts. In addition to spiraling and 
oscillating north-south, the particles drift in lon- 
gitude because of the decreasing strengths of both 
magnetic and gravitational fields with increasing 
distance from the Earth. High-energy protons drift 
westward around the Earth in about 0.1 s, and low- 
energy electrons drift eastward in about 1 to 10h. 
This drift leads to the longitudinal uniformity of 
the radiation belts. 

Let’s investigate these charged particle motions 
quantitatively. The Lorentz force law 


F = qv x B) (4-4) 


tells us the force F (in newtons) experienced by a 
particle of charge q (in coulombs, where an elec- 
tron’s charge is 1.60 x 107!?C) moving with ve- 
locity v (in m/s) through a magnetic field of 
strength B (in units of teslas). Note that F is per- 
pendicular to both v and B, in accordance with the 
right-hand rule (Figure 4—23A). Although the mass 
of the proton (1.673 X 10°?”kg) is much larger 
than the mass of the electron (9.109 xX 1073! kg), 
the charge of the proton is equal to the charge of 
the electron but of opposite sign. No work can be 
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Figure 4-21 The Van Allen radia- 
tion belts. Dimensions are in Earth ra- 
dii. The shaded contours represent 
the relative densities of charged 
particles. 


Figure 4-22 Particle motion in Particle 
the Van Allen belts. Charged par- Magnetic 
ticles from the Sun spiral along Field Line 
the magnetic field lines and 
bounce between the northern 
and southern mirror points. Pro- 
tons and electrons drift in oppo- 
site directions because of their 
opposite charges. 


done on a charged particle by the magnetic field 
since F - dr = (F - v) dt = 0 (F is perpendicular to 
v!); hence, the kinetic energy of a particle is not 
changed by a magnetic field (the total speed v 
remains constant). The particle moves in a cir- 
cular orbit in a uniform magnetic field (Figure 
4-23B). The Lorentz force (Equation 4-4) provides 
the centripetal force for the orbit of radius r, so 
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that 

mo?/r = quB 
mv/qB (4-5) 
For example, a proton with speed v = 108 m/s cir- 
cles the magnetic field lines with a radius r = 


10 km when B = 107‘ T. This radius is often called 
the gyroradius. 


r 


——___ Helical 
Trajectory 


Speed Along 
Field Lines 
Charged 
Circular Speed Particle 


(C) 


i Figure 4-23 Motions of charged particles in a magnetic field. 
1 sa (A) Vector diagram for the direction of the Lorentz force. (B) 
Circular orbits of electrons and protons in a uniform magnetic 
field. (C) Helical orbit of a charged particle with some compo- 


(B) nent of its velocity along uniform field lines. 
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If the particle has some speed along a magnetic 
field line, it will follow a helical trajectory (Figure 
4-23C). When the particle moves into a region of 
higher field strength (B increases), the circular orbit 
shrinks while the circular speed increases. Because 
the particle’s total kinetic energy cannot change, its 
motion along the field line must slow down; even- 
tually the forward motion reverses if one particle 
collides with another. Note that charged particles 
moving into a region of narrowing magnetic field 
lines are effectively accelerated to very high speeds. 
This process occurs in a number of astrophysical 
situations, such as aurorae, at the mirror point. 


@ Aurorae 


The inner radiation belt interacts with the Earth’s 
upper atmosphere to produce the colorful aurorae: 
aurora borealis, or northern lights, in the high north- 
ern latitudes and aurora australis in the high south- 
ern latitudes. Diffuse luminous forms over large 
areas of the sky have been observed since ancient 
times in northern regions between 15 and 30° from 
the magnetic pole. Auroral displays may be flick- 
ering streaks or curtains of light, or steady lace- 
work draperies that change intensity and color 
(pale pink, blue, and green) in the course of hours 
(Figure 4-24). Triangulation measurements of the 
heights of aurorae show that most occur between 
80 and 160 km, with a few as high as 1000 km. 
Auroral emissions result when high-energy 
electrons drop out of the inner radiation zone and 
collisionally excite and ionize atmospheric gases. 
As these excited gases, principally oxygen and ni- 
trogen, return to their stable forms, visible light is 
emitted with characteristic colors. The solar wind 
plays an important role in aurorae, by supplying 
the necessary electrons and by perturbing the mag- 
netosphere so that the particles trapped in the ra- 
diation belts are dumped into the atmosphere near 
the mirror points. That solar activity induces au- 
rorae is inferred from the fact that it is so strongly 
correlated with the appearance of auroral displays. 
Recent models picture aurorae as a result of the 
release of energy from the magnetotail by a process 
called magnetic reconnection. This process takes 
place when regions of opposite magnetic fields 
come together and the magnetic field lines can 
break and reconnect in new combinations. One site 
of such reconnections is the plasma sheet in the 
magnetotail; the point of reconnection usually lies 


Figure 4-24 The aurora borealis viewed from space. 
Note the ring-like structure of the emission, which cen- 
ters on the north magnetic pole. Atomic lines at 130.4 
and 135.6 nm produce most of the emission. (L. Frank, 
University of Iowa) 


about 100Re@ downstream from the Earth. The net 
magnetic field at this point is zero. Occasionally, 
the solar wind adds sufficient magnetic energy to 
the magnetosphere so that the field lines there 
overstretch and a new reconnection takes place 
only 15Re from the Earth. The field on the Earth- 
side collapses, injecting electrons into the atmo- 
sphere to drive the auroral emissions. Meanwhile, 
a blob of plasma containing looping field lines is 
free of magnetic attachment from the Earth and 
moves downstream. The equilibrium magneto- 
sphere is then re-established. The process of mag- 
netic reconnection in a plasma applies to the en- 
vironment of comets (Section 7-3) and other 
astrophysical situations. 


4-7 
THE EVOLUTION OF THE 
EARTH—-MOON SYSTEM 


We now rely upon the physical properties of the 
Earth and Moon—especially radioactive dating of 
rocks—to infer their evolution. This comparison 
will highlight the Earth as the most evolved—and 
still evolving—terrestrial planet; the Moon, as a 


fossil world, preserves evidence of the early stages 
in terrestrial planetary evolution. [See Section 7- 
6(F) for a presentation about the origin of the Earth 
and Moon.] 


Lunar History 


About 4.6 billion years ago, the Moon probably 
formed by the accretion of chunks of material. 
These pieces continued to plunge into the Moon 
after most of its mass had gathered. During the first 
200 million years after formation of the Moon, 
these projectiles from space bombarded the surface 
and, along with radioactive decay of short-lived 
isotopes (such as 7°Al), heated it enough to melt it. 
Less-dense materials floated to the surface of the 
melted shell; volatile materials were lost to space. 
The crust began to solidify from this melted shell 
about 4.5 billion years ago. From 4.5 to 4.1 billion 
years ago, the crust slowly cooled. The bombard- 
ment from space continued but began to taper off. 
This falling debris made many of the craters now 
found in the highland areas. 

Just below the surface, the Moon’s material re- 
mained molten. About 4.1 to 39 billion years ago, 
a few huge chunks smashed the crust to produce 
basins that later became maria. For example, the 
Mare Orientale basin formed 4 billion years ago 
when an object about 25 km across smashed into 
the Moon. Only later did the basins fill with lava. 
Although the crust lost its original heat of accre- 
tion, short-lived radioactive elements that decay 
rapidly reheated sections of it. From 3.9 to 3.0 bil- 
lion years ago, lava formed by the radioactive re- 
heating punctured the thin crust beneath the ba- 
sins, flowing into them to make the maria. 

For the past 3 billion years, the crust has been 
inactive. However, small particles from space have 
incessantly plowed into the surface since it solidi- 
fied. These sand-sized grains scoured the surface, 
smoothed it down, and pulverized it. Continued 
bombardment by larger bodies churned the frag- 
mented surface. Impacts melted the soil, which 
swiftly cooled to form breccias and glass spheres. 

Note that in this evolutionary history (Table 4- 
2) the highlands make up the oldest sections of the 
Moon’s crust and the lowlands (maria) make up 
the youngest. Once the maria formed, the Moon’s 
interior and crustal evolution halted because the in- 
terior lost much of its primordial heat in 1 billion 
years. This internal heat, from the original accretion 
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a 3jgeeerve Evolution of the Moon 
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Melting of outer layer 
by heat from infall 
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volatile elements lost 

Solidification of crust 
while debris still 
falls to form craters 
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mation of basins by 
impact of a few large 
pieces; outflow of 
basalts from lava 
below solid crust 


Formation 4.6 
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Maria flooding 3.9-3.0 Flooding of basins by 
lave produced by 


radioactive decay 


Quiet crust 3.0-now Bombardment by small 
particles to pulverize 


and erode surface 


and radioactive decay, drives the evolution of a ter- 
restrial planet. 

In general the rate of heat loss is proportional 
to a planet’s surface area; the reservoir of heat is 
proportional to its mass, or to (p)R?. Hence, the life- 
time of a terrestrial planet’s evolution will be 
roughly proportional to the total amount of energy 
available divided by the loss rate (if we have 
roughly the same density), or t « R°/R? « R. So 
larger terrestrial planets should become more 
evolved in the sense that the processes driven by 
internal heat will last a longer time. Also, the more 
massive planet will retain an atmosphere longer, 
resulting in wind and rain erosion of the surface. 
Let’s examine the Earth with this point in mind. 


@ The Earth’s History 


Driven by its internal heat, evolutionary processes 
have moved the Earth through six stages of evo- 
lution. The first stage began 4.6 billion years ago, 
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when the Earth accreted from small, rocky bodies 
in only a few million years. That left a pockmarked 
planet of more or less uniform composition, since 
each piece was made of about the same combina- 
tion of materials. The atmosphere at the time of 
accretion was rich in hydrogen and inert gases. 
Accretion and radioactive decay produced rapid 
internal heating. (Note that accretion of material 
causes a body to heat up as a gravitational po- 
tential energy is converted to kinetic and ther- 
mal energy.) The low-mass gases escaped into 
space. 

In the second stage, beginning about 4.5 billion 
years ago, radioactive heating (and perhaps gravi- 
tational contraction) melted the interior. It differ- 
entiated to form a core of dense materials and a 
crust of light ones. In the third and fourth stages, 
volcanic activity caused by interior heating created 
the second atmosphere, containing outgassed wa- 
ter, methane, ammonia, sulfur dioxide, and carbon 
dioxide. An infall of large objects continued, frac- 
turing the crust. Ocean basins were formed, and 
the Earth’s surface cooled enough for rain to fall 
and begin filling the basins. 

In the fifth stage, about 3.7 billion years ago, 
the first continents appeared, and plate tectonics 
began. Mountains grew, only to succumb to weath- 
ering by wind and rain. Slowly the atmosphere 
evolved, affected in part by the presence of life. 
Roughly 2.2 billion years ago, crustal cooling thick- 
ened the crust enough to allow plate activity as we 
see it today. By 600 million years ago, the planet 
had entered its sixth state of evolution. The pro- 
cesses that had begun in the fifth stage continued 
at a lower rate until the Earth came to look much 
as it does today. 

The evolution of terrestrial planets involves 
change to their interiors, surfaces, and atmo- 
spheres. These changes are driven mostly by the 
planets’ internal heat: the more massive a planet, 
the more internal heat it generates (from radioac- 
tive decay), the longer it retains this heat, and the 
greater the degree to which it evolves. 

Surfaces are modified by several processes: im- 
pact of interplanetary debris, outflow of internal 
heat, volcanism, erosion by wind and water, and 
crustal movements (if the mantle is hot). The at- 
mospheres change as a result of interaction with 
sunlight, escape into space, degassing (from a hot 
interior), and life (if it exists). In particular, life on 
Earth has transformed its second atmosphere 


(which came from outgassing) into the oxygen-rich 
atmosphere that we enjoy now. 


Models of Planetary Evolution 


Heat flow from the Earth to space drives planetary 
evolution. Each major part of the Earth—interior, 
crust, atmosphere, and oceans—has a different 
temperature. So heat flows between them (from 
hotter to cooler) and activates their changes. The 
internal energy gradually flows to the surface. 
There, some energy is added by sunlight to the air, 
ground, and oceans. Finally, this energy radiates 
into space at the surface, which is much colder than 
the Earth. 

Today, the total outward energy flow averages 
a mere 0.06 W/m? at the surface. If you could cap- 
ture all of it over a square meter, it would take 
about two weeks to raise a cup of water to boiling 
temperature, 100°C! Yet, the amount flowing out 
per second is large (about 10'°J/s). The Earth 
stores a vast amount of thermal energy (most of it 
primordial) to keep evolving as it does. 

To understand and predict their physical prop- 
erties and their evolution over billions of years, we 
must build models of planets. That’s how we know 
more about planets than what we can observe 
directly. 

How do we build models of planets? First, we 
observe the planets from the Earth and with flyby, 
orbiter, and lander spacecraft. Next, we find the 
key physical properties: mass and radius, from 
which we determine the bulk density. From this, 
we infer the general composition (ices, rocks, met- 
als of some combination). We then assume for sim- 
plicity that planets have spherical shapes. New- 
ton’s law of gravitation requires that a body with 
enough mass becomes spherical from its own grav- 
ity (if it is not rotating too fast). 

The most uncertain step comes next. We must 
understand the properties of the specific materials 
that comprise a planet. That is, we need to know 
how various solids (ices, rocks, metal), liquids, and 
gases behave under different temperatures, densi- 
ties, and pressures—the equation of state of the ma- 
terial. Gases and liquids have relatively simple 
equations of state. Solids are another matter. We 
deal with them under conditions that we cannot 
duplicate in a laboratory. In most cases, we end 
up with equations of state based on limited 
information. 


The models aim at explaining the current state 
and surface features and conditions in the past and 
the future. Also, models try to predict the internal 
structure. Generally, models show that planets are 
differentiated. The highest density material lies at 
the center; the least dense lies at the surface of the 
upper atmosphere. 
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How fast a planet loses its internal heat sets 
its evolutionary lifetime. The lifetime depends on 
the store of energy and its rate of loss to space. 
The greater the radius and mass, the longer and more 
vigorous the evolutionary lifetime. This result fol- 
lows from the scaling of the volume-to-surface- 
area ratio. 


| kby Equations & Contepts | & Concepts 


Hydrostatic equilibrium 


dP/dr = —p(r)(GM/r?) 


Radioactive decay 


n/ng = exp(—0.693t/7) 


Barometric equation 


P(h) = P(ho) exp(—h/H) 


1. (a) An Apollo spaceship heads for the Moon. At what 
distance between the Earth and the Moon will the 
ship experience no net gravitational acceleration? 

(b) How long will it take the ship to circumnavigate 
the Moon in a circular orbit 50 km above the lu- 
nar surface? 


2. Using the length of the sidereal month (27.3224) and 
the periods of the Earth’s revolution (365.264), the 
regression of the nodes (18.6 years), and the preces- 
sion of the Moon’s perigee (8.85 years), compute the 
lengths of 
(a) the synodic month. 

(b) the nodical month. 
(c) the anomalistic month. 


3. Assume that the Moon’s orbit is circular and lies in 
the ecliptic plane. Find the difference in the solar at- 
traction on the Moon’s orbit at opposition and infe- 
rior conjunction; compare this with the gravitational 
attraction from the Earth. Can you now understand 
why the lunar orbit is not a simple ellipse? 


4. (a) If the Moon had a core of radius R,,,/10 and the 
remainder of its interior had a uniform density 


Scale height 
H = kI/gm 


Lorentz force law 


F = qv X B) 


p = 3000 kg/m, what must be the uniform den- 
sity of this core? 

(b) Compare the Earth’s tidal forces on the Moon at 
the perigee and apogee of the Moon’s orbit; com- 
ment on your results. 


5. The mean kinetic energy per molecule in a gas 
at temperature T is mv2/2 = 3kT/2, where k = 
1380 x 10-2J/K. A particle with a vertical speed v 
at the Earth’s surface will rise to a height h = 
v*/2g before it falls back to the Earth. 

(a) Show that the characteristic height for a molecule 
of mass m at temperature T is h = 3kT/2mg. 

(b) At T = 250K, compute the characteristic heights 
for nitrogen (N2), oxygen (O2), carbon dioxide 
(CO), and hydrogen (H2). What does this tell 
you about the compositional structure of the 
Earth’s atmosphere? 

(c) How does this calculation differ from that of the 
scale height done in the chapter? 


6. (a) If a star emits the same intensity of radiation at 
all visible wavelengths, what will be its apparent 
color at the Earth’s surface? 

(b) Explain why the Sun appears flattened (like an 
ellipse) at sunset. 
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10. 


11. 


12. 


13. 


14. 


15. 


Chapter 4 = The Earth-Moon System 


. Show that the circular period P (in seconds) for a 


charge in a uniform magnetic field B does not depend 
upon the radius of the orbit. Evaluate this period for 
a proton moving at speed v = 107 m/s in a magnetic 
field of 1074 T. 


Draw a diagram and use the Lorentz force law to 
explain why electrons in the radiation belts drift east- 
ward owing to the decrease in the magnetic field 
strength with distance from the Earth. 


. Find the radius of the Earth’s core relative to the total 


radius if the core density is 10,000 kg/ m®, the mantle 
density is 4500 kg/m°, and the average density is 
5500 kg/m’. 


In the Earth’s exosphere, the temperature can reach 
2000 K. Estimate the lifetime of water vapor here by 
comparing its mean velocity with the Earth’s escape 
velocity. 


Use the equation of hydrostatic equilibrium to esti- 
mate the central pressure of the Moon and compare 
it to the Earth’s central pressure. 


(a) Use the strength of the magnetic field at the 
Earth’s surface to estimate the strength in the Van 
Allen belts. 

(b) Use this estimate to calculate the radius of cur- 
vature of a 50-MeV proton in the belts. 


Demonstrate that a dipolar field decreasing as 1/r3 
beats out an atmospheric density falloff that is 
exponential. 


Assume that a rock sample contains *°Ar and #°K in 
the ratio of #°Ar/#°K = 3. How old is the rock? What 
assumptions do you have to make in order to cal- 
culate an age? 


Assuming that the average Sun rises at 6 AM,, 
crosses the meridian at noon, and sets at 6 P.M., what 


are the average times for the Moon’s rising, crossing ~ 


the meridian, and setting for each of the lunar 


16. 


17. 


18. 


19. 


phases; new, waxing crescent, first quarter, waxing 
gibbous, full, waning gibbous, third quarter, and 
waning crescent. Assume each of the phases is 45° 
apart in elongation, and ignore complicating factors. 


You and a friend decide to determine the radius of 
the Earth. You synchronize watches; then your friend 
drives 50 km due west, at latitude 40°. Each of you 
determines the time when the Sun lies due south— 
on the meridian. Your friend observes the Sun to be 
on her meridian 140 s after you observe the Sun on 
your meridian. What is your estimate of the Earth’s 
radius? 


The summit of Mauna Kea, Hawaii (4200 m above 

sea level), is considered one of the world’s premier 

observing sites. It is especially good as an infrared 

site because of the low water vapor and carbon di- 

oxide content in the atmosphere above this altitude. 

(Water and carbon dioxide have many infrared 

wavelength absorption bands.) However, working at 

these altitudes can be hard on astronomers who are 
not acclimated to the lower abundance of molecular 
oxygen. 

(a) To understand both of these effects, calculate the 
scale height for H,O, CO, and O2 in the Earth’s 
atmosphere. 

(b) What percentage of each of these gases in the at- 
mosphere is below 4200 m? (Assume the content 
decreases uniformly for each gas.) 


What mass would the Moon need to have (relative 
to the Earth) so that the center of mass of the Earth— 
Moon system falls just at the Earth’s surface? In what 
sense is the Earth-Moon system not a “double 
planet”? 


The main constituent of the Moon’s atmosphere is 
neon. How long would be the lifetime of neon gas 
on the Moon’s surface at noon? Hint: Refer to Section 
2-1(D). Note that if vesc/Urms = 1, the lifetime is a 
few years; for 4, several thousand years; for 5, a few 
hundred million years; for >10, several billion years. 


The Terrestrial 
Planets: Mercury, 
Venus, and Mars 


W: have so far presented the general properties 
of the Solar System (Chapters 1 and 2) and 
the basics of two special bodies, the Earth and 
Moon (Chapters 3 and 4). We will use these two 
familiar worlds as the basis for the comparative 
planetology of the other terrestrial planets: Mer- 
cury, Venus, and Mars. We will try to infer the ev- 
olutionary histories of these bodies by drawing ap- 
propriate analogies to the Earth and Moon. 

Because the human eye alone cannot discern 
details smaller than 1 arcmin, it took the invention 
of the telescope in the 17th century to spark the 
investigation of the planets. In 1610, Galileo de- 
scribed telescopic observations of the four largest 
(Galilean) moons of Jupiter, the phases of Venus, 
the cratered surface of our Moon, the dark spots on 
the Sun, and the strange nonspherical shape of Sat- 
urn (its rings). The Earth’s atmospheric seeing lim- 
its the visible resolution of telescopes to about 1 
arcsec, however, so that the surface markings and 
atmospheres of only those objects of much greater 
angular size can be studied in any detail. The max- 
imum angular diameter of Mercury seen from the 
Earth is only 12”; in such cases, optical viewing is 
marginal at best (only 10 or so resolution elements 
across the disk). 

Spacecraft sent to the Moon and planets have 
dramatically improved our picture of these bodies. 
The main point here is that a flyby spacecraft im- 


proves our resolving power enormously—by a fac- 
tor of 10* for the Voyager missions to Jupiter and 
Saturn. 


5-1 
MERCURY 


Mercury is the planet closest to the Sun and the 
second smallest of all the known planets. Each 
year, it appears about three times as a bright eve- 
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ning star near the sunset horizon and as a predawn 
morning star. Because of the swiftness of its celes- 
tial motion, it is named after the mythological god 
of flight. 


Motions 


Mercury revolves about the Sun in a highly eccen- 
tric (e = 0.2056) and inclined (7.00° to the ecliptic 
plane) orbit of semimajor axis 0.3871 AU, with a 
sidereal orbital period of 87.96¢. The greatest elon- 
gation of this planet viewed from the Earth ranges 
from 18° (perihelion) to 28° (aphelion); it averages 
23°. 

In the early 1960s, radar pulses reflected from 
the surface of Mercury were first detected, and by 
1965 G.H. Pettengill and R.B. Dyce had shown the 
rotation period to be about 594 direct, using Dopp- 
ler radar techniques. A reanalysis of the visual data 
verified the radar period and resulted in a mea- 
sured period of 58.65 + 0.01%, with the planet's 
equator essentially parallel to its orbital plane. Mer- 
cury is in a spin-orbit resonance with the Sun [Sec- 
tion 2-1(A); Figure 2-5]; its sidereal rotation period 
is 58.644, which is two-thirds of its sidereal orbital 
period. 


Planetary 
Rotation 


Ring of 
Constant 
Time-Delay Line of Constant 


Doppler Shift 


Equator 


To Limb 


Earth 


Sub-Earth 
Point 
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Power Received at Earth 
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Radar astronomy permits us to deduce a 
nearby planet’s distance, size, rotation, and large- 
scale surface features by analyzing radar pulses 
(wavelengths ~ 1 to 10 cm) reflected from the plan- 
etary surface. A radar pulse directed at a terrestrial 
planet is usually wider in angle than the planet it- 
self. Hence, we must resolve the return pulse into 
its time-delayed and Doppler-shifted components (Fig- 
ure 5-1A). The shortest time delay occurs at the 
sub-Earth point on the planet and tells us the 
planet’s distance from the Earth. Successively 
longer time delays originate from rings concentric 
about the sub-Earth point at constant distances, 
with the longest delay defining the planet’s limb 
(edge) and so its radius. As the planet rotates, the 
reflected radar waves are Doppler-shifted in fre- 
quency (Figure 5-1B), so that higher frequencies 
than the original return from the approaching limb 
and lower frequencies from the receding limb; 
these Doppler shifts reveal the rotation speed of the 
planet. The shifts are maximum at the limbs and 
zero along the line going through the poles and the 
sub-Earth point. 

We can see the relationship between Doppler 
shift and rotation period as follows. The shift in 
wavelength, the difference between that sent out 


Av (Hz) 
(B) 


Figure 5-1 (A) Radar mapping. Imagine a radar pulse reflecting from a planet’s hemi- 
sphere facing the Earth. Different time delays form a series of concentric rings. They 
intersect lines of constant Doppler shift at two points (A; and A2), so that a feature at 
either A, or Az has an ambiguity in position. (B) Radar signal reflected from Venus. The 
solid curve shows the actual power received relative to the rest frequency. The dashed 
curve shows the expected power received from a uniformly rough surface. (G.H. Petten- 


gill and I.I. Shapiro) 


and that received, is 
AA/Ao = vf/c 


where Ag is the emitted wavelength, v the radial 
velocity, and c the speed of light. For a spherical 
planet, the maximum linear rotation rate occurs at 
the equator: 


Veq = 20R/P 
Because each limb contributes to the total shift 
AA/Ap = 2eg/c = 4mR/Pc 


from which we calculate the rotation rate from the 
planet’s radius and the measured shift. Note that 
we have assumed that we are viewing the planet 
directly on the equator (it is the sub-Earth point). 

How long is the solar day on Mercury? We de- 
rive a relationship between the solar day and the 
sidereal day in a manner very similar to the deri- 
vation of the relationship between the synodic and 
sidereal orbital periods of the planets and sidereal 
and synodic periods of the Moon [Section 4—2(A)]. 
Suppose that you were on Mercury with the Sun 
directly overhead (Figure 5-2). Let T be the period 
of revolution of Mercury about the Sun (88 days), 
P the sidereal period of rotation (58.7 days), and S 
the synodic period of rotation (the solar day). After 
one Earth-day, Mercury will have rotated 360°/P 
(angle A) with respect to the stars but only 360°/S 
(angle B) with respect to the Sun. The difference 


Star 


To Star 


Figure 5-2 Geometry for the solar day on Mercury. 
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between these two angles (angle C) is equal to the 
angular distance Mercury has moved in its orbit, 
360°/T (angle D). So 


3607P — 3607S = 360°7/T 
or 
1/S = 1/P — 1/T 
Putting in the numbers, 


1/S = 1/58.7 — 1/88.0 = 0.00567 
S = 176 days 


Mercury’s solar day is just twice the length of its 
sidereal year. How did this spin-orbit resonance 
come about for Mercury? Recall that Mercury’s or- 
bit is very eccentric, so that the tidal forces of the 
Sun on Mercury dominate at perihelion. Mercury’s 
rotation is locked into a 2:3 commensurability by 
these strong tidal forces. 


@ Physical Characteristics 


Mercury’s radius is 2440 km. Its mass of 0.055Ma 
(3.3 x 1073 kg) is deduced from gravitational per- 
turbations upon spacecraft (Mercury has no natural 
satellites). The average density is 5420 kg/m°, typ- 
ical of a terrestrial planet but high for a small one. 
Because Mercury’s overall gravity is less than the 
Earth’s (compressing it less) but its bulk density is 
about the same, it must contain a greater propor- 
tion of metals. We infer that Mercury’s interior 
(Figure 5-3) has a rocky mantle and a large metallic 
(probably nickel-iron) core, which encompasses 
about 75% of the radius. 

We use hydrostatic equilibrium to estimate 
Mercury’s central pressure from 


P. = (2/3)mG(p)?R2 = (1.4 X 1071)(p)2R2 


in pascals. For a radius of about 2400 km and an 
average density of roughly 5400 kg/m3, we have 


P. ~ (1.4 X 1071°)(5400 kg /m?)?(2.4 x 10° m)? 
= (1.4 x 107!°)(2.9 x 107)(5.8 x 10!2) 
= 2.3 Xx 10!°Pa 


or about 0.1 that of the Earth’s. 

The surface albedo is very low (0.056 at visual 
wavelengths), indicative of rocky material even 
darker than the Moon’s surface. Surface tempera- 
tures vary from about 700 K at the perihelion sub- 
solar point to about 100K on the dark side. The 
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‘| Mantle 
(silicates) 


Core 
(nickel—iron) 


Figure 5-3 Model of Mercury’s interior. Note the large 
fraction of the interior taken up by the metallic core. 


long, hot solar day and low escape velocity (4.2 
km/s) make it unlikely that Mercury has much of 
an atmosphere. Gas molecules, even the more mas- 
sive ones, would easily reach escape velocity, and 
so any atmosphere could not be expected to last 
long. The Mariner 10 space probe detected a thin 
atmosphere of helium and hydrogen, but the sur- 
face atmospheric pressure was very small, about 
10-1? atm. Here is the atmospheric escape calcula- 
tion. For helium at noon, 


Vems = (3kT/m)!/2 
= [3(1.4 x 10°*3)(700)/(4)(1.7 x 10-27)}}/2 
= 2.1 km/s 


so that 
Vesc/Vims = 4.2/2.1 = 2 


and the lifetime is but a few days. 

Ground-based spectroscopic observations have 
revealed that sodium and potassium exist in the 
atmosphere on the dayside. These gases are likely 
released by the surface rocks when they absorb so- 
lar ultraviolet radiation. The sodium gas dominates 
the atmosphere during the day. 

No significant atmosphere means no insulation 
from space. That’s why the range on noon-to-mid- 
night temperatures on Mercury is so severe. Let’s 
contrast them to the Moon’s. Night on the Moon 
and Mercury differ in duration but their slow ro- 
tation allows infrared radiation on the nightside to 
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escape directly into space during the long night. 
Thus, both bodies have about the same midnight 
surface temperature: 100 K. At noon, the surface 
temperature depends on the surface albedo and 
distance from the Sun. The Moon and Mercury 
have about the same albedo, but Mercury is on av- 
erage 2.5 times closer to the Sun than is the Moon, 
and so is much hotter at noon because the Sun’s 
flux is 6.25 times greater. From Equation 2-5b, if 
we say that the albedoes are the same, T;,, 
(Mercury) ~ 1.6T;; (Moon) ~ 630K. 

With the day so hot and the escape velocity so 
low, why does Mercury have any atmosphere at 
all? One answer is the solar wind. The influx of 
material from the solar wind could possibly re- 
plenish the loss. Another possible source is decay 
of radioactive elements in Mercury’s subsurface 
layers. 


Surface Features 


Television cameras on board Mariner 10 scanned 
50% of Mercury to reveal a surface like our Moon’s. 
Key differences are fewer midsized craters; no 
mountain ranges; many shallow, scalloped cliffs, 
called scarps; fewer basins and large lava flows; 
and more relatively uncratered plains amid the 
heavily cratered regions. 

These differences are important, and yet Mer- 
cury’s surface clearly resembles the farside of the 
Moon. Mercury’s highlands (Figure 5-4) are rid- 
dled with craters like the Moon’s bleak highlands. 
Light-colored rays spring from some of the craters, 
an indication that these were formed by violent im- 
pacts more recently than others. Some craters are 
more than 200 km in diameter, comparable to the 
largest lunar craters. Mariner 10 found one large 
mare basin: the Caloris (“hot”) Basin on the north- 
west part of the planet (Figure 5-5). It probably has 
an overall diameter of 1300km. The basin is 
bounded by rings of mountains about 2 km high. 
In size and structure, the Caloris Basin strongly re- 
sembles the Moon’s Orientale Basin. Mercury’s sur- 
face has more than 20 large, multiringed basins, 
many very old and obliterated by an onslaught of 
later impact craters. 

These similarities do not mean that the Moon 
and Mercury are identical. Their surfaces differ in 
at least three ways: (1) Mercury’s surface has scarps 
hundreds of kilometers long, (2) even the most 
heavily cratered regions of Mercury are not com- 
pletely saturated with craters but are interspersed 
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Figure 5-4 Mercury’s cratered highlands. Note the 
bright, rayed crater (lower left) and the double-ringed 
crater above it. The outer ring is about 170 km across. 
(NASA) 


with intercrater plains, and (3) Mercury has three 
times the number of craters 10 km or larger in di- 
ameter than does the Moon. From these last differ- 
ences, we infer that the cratering material had a 
different range of sizes for Mercury than for the 
Moon along with different impact speeds. 

Mercury’s scarps (Figure 5-6) vary in length 
from 20 to 500 km and have heights from a few 
hundred meters up to 2 km. Individual scarps often 
traverse different types of terrain. The characteris- 
tics of the scarps imply that Mercury’s radius has 
shrunk by 1 to 3 km, from cooling of either its core 
or its crust, or both, thereby forming the thrust 
faults that created the scarps. 

The Moon and Mercury may have an affinity 
in their origins. Mercury has a much higher per- 
centage of metals than is predicted by models for 
the origin of the Solar System (Section 7-6). As a 
differentiated terrestrial planet, Mercury has too 
small a mantle. A giant impact early in Mercury’s 
history could have stripped off a rocky mantle, 
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7 ites. 
Figure 5-5 Caloris Basin. One-half of this 1300-km- 
diameter, multiringed basin is visible at the terminator, 


the line between night and day on the left. Wrinkled rid- 
ges and flooded lowlands are visible to the left. (NASA) 


Figure S-6_ A scarp on Mercury. This ridge (arrow) ex- 
tends for hundreds of kilometers. (NASA) 


84 Chapter 5 


leaving mostly a metallic core behind. Hence, the 
formation of the Moon and Mercury may have in- 
volved violent impacts in the early days of the So- 
lar System. 


® Magnetic Field 


Mariner 10 detected a weak planetary magnetic 
field with a strength of about 300nT (1nT = 
10~° T) at the equator. Although small, this is suf- 
ficient to carve out a magnetosphere in the solar 
wind. Here the magnetic field deflects the charged 
particles (mostly protons) of the solar wind around 
the planet (Figure 5-7). The overall shape of the 
magnetosphere resembles that of the Earth; we ex- 
pect that reconnection events, driven by the accu- 
mulation of the solar wind plasma, can trigger 
magnetic substorms that would inject plasma to- 
ward Mercury. Because Mercury lacks an atmo- 
sphere, however, the energetic particles would 
strike the surface directly, perhaps heating the sur- 
face regions preferentially in “auroral” zones (Fig- 
ure 5-7). 

Mercury’s field appears to be a dipole, more or 
less aligned with the planet’s spin axis. In general, 
then, Mercury's magnetic field is similar to the 
Earth’s, only weaker. The presence of a magnetic 
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field as well as the planet’s high density indicates 
that Mercury, like the Earth, has a metallic core. 
This core is presumed to be relatively cold and 
solid now because a small planet loses heat quickly. 
Recall that the Earth’s magnetic field supposedly 
arises from an internal dynamo whose chuming 
motions are driven by the Coriolis effect from the 
Earth’s spinning. Because Mercury rotates much 
more slowly than the Earth, a planet-wide mag- 
netic field was not really expected; its source is not 
clear. 


Evolution of the Surface 


Because both the Moon and Mercury lack substan- 
tial atmospheres, weathering does not erode their 
surfaces. Both are tiny worlds with interiors cooler 
than Earth’s. Neither has much (if any) volcanic ac- 
tivity now, and neither has undergone the contin- 
ual surface evolution the Earth experiences from 
the shifting of crustal plates. 

The lack of atmospheres and the short time of 
crustal evolution are both related to the small 
masses of Mercury and the Moon. Their surface 
gravities are so low that most gases achieve escape 
velocities, and atmospheres are not retained for 
long. The small masses also imply that internal 


—> 


q - . 
aS, 
( 


Mercury 
Van Allen Belt? 


Figure 5-7 Mercury’s magnetosphere, inferred from Mariner 10 data. 


J. Borousky, G. Gisler, J. Burns, and M. Zeilik) 
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heating from radioactive decay would be less than 
that for the Earth and the flow of heat outward 
would be so fast that both bodies would cool off 
quickly. The Earth is hot in its interior, and out- 
ward flow of heat sets up currents in the plastic 
mantle; these power the evolution of the Earth’s 
crust. Both Mercury and the Moon lack this com- 
bination of hot interior and plastic mantle. 

A lunar comparison suggests that the intense 
sculpting of Mercury’s surface took place about 4 
billion years ago, not long after the planet formed 
(stage 1). The earliest phase of cratering (stage 2) 
was wiped out by later volcanism. We come to this 
conclusion because the intercrater plains seem to 
have covered up any scars of the earliest accretion. 
At about the same time, the scarps developed from 
global shrinking of the crust, the interior, or both. 

Basin formation (stage 3) must have come at 
the end of the heavy bombardment of the surface. 
A few large pieces crashed into the surface; one 
made the Caloris Basin. Not long after this, wide- 
spread lava flows (similar to those that made the 
lunar maria) created the broad, smooth plains, such 
as those adjacent to the Caloris Basin (stage 4). 
Since then, a few impacts have punched out the 
fresh rayed craters (stage 5). 


5-2 
VENUS 


Venus (Figure 5-8) is the second terrestrial planet 
from the Sun and at times the closest planet to the 
Earth. As a morning and evening star, Venus rises 
to a greatest elongation of 48°. Its maximum bril- 
liance is exceeded only by those of the Sun and 
Moon. Named for the goddess of love, Venus 
closely resembles the Earth in size and mass but 
otherwise differs enormously. 


Motions 


The nearly circular (e = 0.0068) orbit of Venus is 
inclined 3.39° to the ecliptic, with a semimajor axis 
of 0.7233 AU and a sidereal orbital period of 224.70 
days. 

Doppler-shift radar studies show that the 
planet rotates retrograde with a sidereal period of 
243.01 days and with its equator inclined only 3° 
to its orbital plane (conventionally this inclination 
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Figure 5-8 Venus in ultraviolet light, as seen by HST. 
(NASA) 


is written as +177° or —87° to indicate the retro- 
grade behavior). 


@ Physical Characteristics 


We can measure the Earth-Venus distance directly 
by radar; then from the planet’s angular diameter, 
we can calculate its physical radius. Venus turns 
out to have a radius of 6052 km, only 5% smaller 
than the Earth’s. 

Like Mercury, Venus has no known natural 
moon, and so we can accurately determine its mass 
only when a spacecraft passes or orbits it. If the 
craft is in orbit, we simply use Kepler’s third law. 
During a flyby, we measure the acceleration of the 
spacecraft (from the Doppler shift of its radio sig- 
nals) and use Newton's law of gravitation. Venus’ 
mass comes out to be 4.86 X 1074kg (82% of the 
Earth’s mass). The resulting bulk density is 5200 
kg/ m°, almost the same as the Earth’s. A similar 
mass and bulk density imply that the interior of 
Venus closely resembles the Earth’s interior (Figure 
5-9): a rocky crust (which Venus landers con- 
firmed), a mantle, and a metallic core. Because Ve- 
nus has a somewhat lower density than the Earth, 
we imagine that it has a somewhat smaller core 
(some 0.4 of the radius); its central pressure should 
be roughly the same. 
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Figure 5-9 Interior of Venus. This model is based on 
the planet’s bulk density and the assumption that its in- 
terior is similar to that of the Earth, with a large, metallic 
core. 


Concept Application 
Central Pressure of a Planet 


Compare the central pressure of Venus to that of 
the Earth. 

Because both planets have about the same mass 
and size, you would expect their central pressures 
to be about the same. For the Earth, we used hy- 
drostatic equilibrium [Section 4—3(A)] to estimate a 
pressure of some million atmospheres. We note 
that the central pressure depends on the bulk den- 
sity and radius: 


P. = (14 X 1071)(p)?R2 


so to find the central pressure of Venus compared 
to the Earth 


P.(Venus)/P,.(Earth) = 
(p(Venus))*R(Venus)?/(p(Earth))*R(Earth)? 


The ratio of the densities is about 0.95 and of the 
radii, also about 0.95. We then have 


P.(Venus) = (0.95)2(0.95)2 = (0.90)(0.90) = 0.80 


Using the result for the Earth, we have 
(0.80)(1.7 x 10°atm) = 1.4 X 10° atm. As we had 
expected, they are just about the same. 


Interplanetary probes launched by both the 
United States and the former Soviet Union indicate 
that the atmosphere of Venus contains about 96% 
carbon dioxide; 3% nitrogen; variable traces of wa- 
ter vapor (0.1-0.4%); and small amounts of oxygen, 
hydrogen chloride, argon, hydrogen fluoride, hy- 
drogen sulfide, sulfur dioxide, helium, and carbon 
monoxide. 
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The Russian Venera landers found the surface 
atmospheric pressure to be 95 atm and the sunlit 
surface temperature about 740 K. This high tem- 
perature probably results from the effective trap- 
ping of surface heat because carbon dioxide 
absorbs infrared radiation well (the so-called 
greenhouse effect). Atmospheric winds on Venus 
blow from the dayside to the nightside and from 
the equator to the polar regions; the wind flow car- 
ries heat. Along with the very effective greenhouse 
effect, this upper atmospheric transport of heat 
keeps the surface temperatures fairly constant over 
Venus’ surface; they vary 10 K or less. Hence, Ve- 
nus has little or no surface wind, which result from 
differential heating. 

The visual brightness of Venus results from the 
high albedo (0.76) of its clouds and from its thick 
atmosphere. The structure and motion of the 
clouds can be seen in ultraviolet photography (Fig- 
ure 5-10). The Pioneer Venus probes found that 
clouds float in two broad layers (Figure 5-11). 
Models of the clouds designed to match their ob- 


Figure 5-10 Features in the upper atmosphere of Ve- 
nus. The “Y” feature, which is a combination of recurring 
clouds, has changed in these four photographs, taken one 
day apart. Note the cap of clouds at each pole. (NASA) 
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Figure 5-11 Structure of Venus’ clouds, which come in 
two high layers with haze between them. Below the 
clouds, the atmosphere is clear. The clouds are made of 
H,O and H2SQO,4. (NASA) 


served infrared spectra imply that they contain a 
solution of 90% sulfuric acid mixed with water. Al- 
though the atmosphere and clouds of Venus do 
contain some water vapor, it would amount to a 
layer only 30 cm thick if it all condensed out uni- 
formly on the surface. 

Ultraviolet photography by Mariner 10 re- 
vealed that these cloud tops flow with the upper 
atmosphere (Figure 5-10) in patterns similar to the 
jet streams of the Earth. Ringing the equator, the 
clouds whiz around at roughly 300 km/h—fast 
enough to circle the planet in only four days. In 
addition to this planetwide circulation, winds also 
blow from the equator to the poles in large cy- 
clones 100 to 500 km in diameter. They culminate 
in two gigantic cloud vortices capping the polar 
regions. 

The circulation pattern of Venus’ atmosphere 
is in large part explained in terms of Hadley cells. 
Air rises over warm regions—the equator—and 
flows on top of cooler air at higher latitudes. The 
cooler air then replaces the rising warm air at the 
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surface. On Earth, instabilities caused by the rapid 
rotation break up the Hadley circulation into three 
cells in each hemisphere. On Venus a single-cell 
model describes the flow in the lower atmosphere. 


Surface Features 


We probe the surface of Venus by bouncing off ra- 
dar signals to map the terrain. This work has re- 
vealed high plateaus, gigantic volcanoes, impact 
craters, and rolling plains. Overall, Venus looks 
fairly flat. Elevation differences are small, only 2 to 
3 km, with the exception of three highland regions. 
Here the land rises up to 12 km, compared with 
4-km highland-lowland differences on the Moon 
and Mercury, 25-km differences on Mars, and 9- to 
20-km differences on the Earth. 

The southern and northern halves of the 
mapped face of Venus differ remarkably from each 
other. The northern region is mountainous, with 
uncratered upland plateaus. In contrast, the south- 
ern part consists of relatively flat rolling terrain. 
The great (1000 by 1500 km) northern plateau is 
called Ishtar Terra. It is larger than the biggest up- 
land plateau on the Earth, the Himalayan Plateau. 
Three mountain ranges border Ishtar on the west, 
north, and east. The eastern range, called Maxwell 
Montes, contains the highest elevations on Venus 
seen to date: 12 km. Radar shows a rough terrain, 
as expected from a lava flow, and a volcanic cone 
near Maxwell’s center. Most of the surface consists 
of flat, volcanic plains marked by tens of thousands 
of volcanic domes and shields. The rolling lava 
plains are punctuated by craters (Figure 5-12), up 
to 300 km in diameter. About a thousand have been 
identified; they are impact craters. They generally 
show central peaks, terraced walls, shocked sur- 
faces, and flooded floors. Small craters—less than 
3 km—do not form on Venus because the dense 
atmosphere completely vaporizes small pieces of 
incoming debris before they can reach the ground. 
The overall distribution of craters is nonrandom, 
which implies a localized, piecemeal resurfacing of 
the planet. 

Beta Regio is an enormous volcanic complex 
that formed from a great north-south fracture zone 
(Figure 5-13). The volcanoes here have gentle 
slopes; they are called shield volcanoes. (Mauna 
Loa and Mauna Kea in Hawaii are shield volca- 
noes, which are relatively flat. Often shield volca- 
noes have a collapsed central crater—a caldera—at 
their summits.) Theia Mons in Beta Regio has a di- 
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ameter of 820 km, a height of 5 km, and a summit 
crater 60 by 90 km. In contrast, the island of Hawaii 
(a volcanic island) is 200 km across and 9 km high. 
(The largest volcano on Mars, Olympus Mons, is 
550 km in diameter and 25 km high.) Overall, about 
75% of Venus’ surface appears to be volcanic in 
character. 


(A) 
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There are hints that some of the volcanoes on 
Venus may be active now. The evidence, however, 
is very indirect. First, the levels of sulfur dioxide 
(SO2) detected by the Pioneer Venus ultraviolet 
spectrometer have shown a steady decline with oc- 
casional bursts to higher amounts. (Sulfur dioxide 
has a limited lifetime in the atmosphere unless it is 


(B) 


(C) 


(D) 


Figure 5-12 Surface maps of Venus by Magellan. (A) Three large impact craters in the 
Lavinia region. Their diameters range from 37 to 50 km. Note the rough, bright ejecta, 
terraced walls, and central peaks. (B) Close-up view of an impact crater on the Guinevere 
Planitia. Its diameter is 12.5 km; note the bright ejecta is lacking to the north. The im- 
pacting body was probably moving at a shallow angle in this direction. (C) Volcanic 
calderas in the Phoebe region, the largest of which is 3.6 by 8 km. The walls appear bright 
because they are rough and reflect radar well. (D) Unusual pattern of lines, which are 
fractures or fault features. Lines like these are associated with volcanic features on 


Venus. (NASA-JPL) 


Figure 5-13 The Beta Regio plateau (longitude 280°, 
latitude 30°). This computer-enhanced radar map shows 
one large shield volcano, Theia Mons, with flows radi- 
ating from it. The Devana Chasma runs north and south 
of Theia Mons. The vertical relief has been exaggerated. 
(USGS) 


replenished.) Terrestrial volcanoes spew out sulfur 
dioxide (as well as hydrogen chloride and hydro- 
gen fluoride, which are minor constituents of Ve- 
nus’ atmosphere). One interpretation of these re- 
sults is the episodic injection of sulfur dioxide by 
volcanic eruptions. The haze above the clouds may 
also be supplied by volcanic injection, at levels 
equivalent to the largest such eruptions on the 
Earth (Krakatoa in 1883, for instance). The Hubble 
Space Telescope (HST) in 1995 observed a decline in 
the sulfur dioxide content. Second, Pioneer Venus 
also recorded low-frequency radio bursts believed 
to be emitted by lightning strokes. On Earth, light- 
ning discharges often flicker through the plumes of 
erupting volcanoes. The Venus bursts were clus- 
tered over three regions thought to be volcanic, in- 
cluding Beta Regio. 

The photographs from Veneras 13 and 14 show 
quite different close-up views (Figure 5-14). Those 
from Venera 13 reveal a rocky plain with clustered 
outcroppings; the rocks are basaltic, similar to 
those on Earth around continents. In contrast, those 
from Venera 14 show even layers of broken, rocky 
plates that are basically volcanic, like the basalts in 
the Earth’s ocean floor near midoceanic ridges. So 
in both places (separated by 900 km), the rocks ap- 
pear to be relatively young. 
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The large difference on the Earth between 
ocean basins and continental masses is continually 
maintained by plate tectonics. The lack of such 
overall differences on Venus suggests an absence 
of planetwide crustal plates. However, tectonic 
work on Venus seems to be localized in zones 
spread around the planet, especially near highland 
regions. No plate tectonics! That’s a surprise, be- 
cause Venus and Earth should have lost heat at 
about the same rates. 

Overall, Venus appears to be a planet with a 
largely young surface, no more than 400 to 500 mil- 
lion years old. (That’s about twice the average age 
of the Earth’s surface.) The degree of volcanism 
seems to be more widespread than on the Earth. 
The entire surface may have been reshaped over 
the past several hundred million years by ex- 
tremely runny lava flows. Rift valleys, which form 
at the separations of crustal plates, show exten- 
sive surface fracturing. Also visible are folded and 
faulted regions that resemble some mountain- 
building regions on the Earth. Such features indi- 
cate local tectonic activity. But where are the global 
crustal plates? The Earth’s crust has many rigid 
plates bounded by narrow zones where lava oozes 
up from the mantle. Venus has no such plates. Per- 
haps it is a “one-plate planet,” with a crust that 
never became rigid. Like dough, Venus’ crust is not 
stiff enough to slide around in pieces. Instead, it 
wrinkles and puckers locally from heat and lava 
upflow. 


® Magnetic Field 


A metallic core, liquid in part, implies by compar- 
ison with the Earth that Venus should have a plan- 
etary magnetic field. Because Venus rotates 243 
times more slowly than the Earth, we expect its 
internal dynamo to be weaker and so the magnetic 
field to be less intense but still present. No probe 
to date has detected any magnetic field. If one ex- 
ists, measurements imply an upper limit of 0.5 x 
10-8 T! That’s much weaker than expected from a 
simple dynamo model. One possible explanation: 
we know that the Earth’s magnetic field reverses 
its polarity; in the middle of a reversal, the mag- 
netic field is essentially zero. That may be the sit- 
uation with Venus now. (Recent reversals on the 
Earth have occurred roughly every 10° years or 
so.) 
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Figure 5-15 The solar wind interacting with Venus. Be- 
cause of the lack of a global magnetic field to hold off 
the solar wind, it flows directly into the ionosphere and 
rips off pieces of it in clouds and streamers. 
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Figure 5-14 Close-ups of 
Venus’ surface. The upper 
two frames were taken by 
the Venera 13 lander. Note 
the slabs of rock, patches of 
dark soil, and pebbles close 
to the edge of the lander. 
The view is distorted by a 
wide-angle lens. The lower 
two frames were taken by 
Venera 14. Here the flat ex- 
panses of rock are unbroken 
by soil or pebbles. 


Because Venus lacks a global magnetic field, it 
does not have a magnetosphere that fends off the 
solar wind. Without this buffer, the solar wind 
strikes the upper atmosphere; the magnetic field 
carried by the solar wind picks up some of the 
charged particles of the ionosphere and carries 
them away downstream of the planet (Figure 
5-15). The wind creates a long tail a few Venus 
radii in length, a magnetotail that resembles that 
made by the solar wind interactions with comets. 


Evolution of the Surface 


We expect the Earth and Venus to be very similar, 
yet in some vital respects, they are not. How did 
the differences develop, given that the two planets 
have about the same size, density, mass, interior 


composition, and structure? They probably devel- 
oped as a result of Venus’ proximity to the Sun and 
consequent lack of liquid water on the surface. On 
Earth, the oceans and carbonate rock from the re- 
mains of ocean life contain a large amount of car- 
bon dioxide. On Venus, carbon dioxide cannot be 
trapped in this way. It stays in the atmosphere, 
keeping up a severe greenhouse effect. 

We can speculate about the history of Venus 
using the Earth as a guide. We infer that with the 
other terrestrial planets, Venus formed by accretion 
about 4.6 billion years ago. Venus’ interior differ- 
entiated as a result of internal radioactive and im- 
pact heating. During the first 500 million years, a 
crust formed and solidified. About 3 to 4 billion 
years ago, large masses bombarded the surface and 
fractured the crust. Volcanoes erupted. A heavy 
bombardment by smaller bodies cratered the sur- 
face; this activity ended about 3 billion years ago. 
That ancient surface is gone. 

Since the initial bombardment, huge volcanoes 
vented through cracks in the surface; their cones 
form the shield volcanoes visible today. Lava flows 
have crossed hundreds of kilometers of terrain. 
Volcanism has reworked the surface almost com- 
pletely in the last 400 million years. Yet, we have 
little evidence of much activity today. 


=) 
MARS 


Mars shows a ruddy red-orange color, which his- 
torically links it to the Greek god of war. This 
fourth planet from the Sun runs the Earth a close 
race in its orbit, so that it exhibits the most pro- 
nounced retrograde motion at opposition. 


Motions 


Mars’ orbit of semimajor axis 1.5237 AU is inclined 
only 1.85° to the ecliptic. The orbital eccentricity of 
e = 0.0934 implies that at opposition the Earth- 
Mars distance may range from about 10% km (at 
which time Mars shows an angular diameter of 14”) 
to 5.5 X 107 km (25”). The thin atmosphere of Mars 
permits well-defined surface markings to be fol- 
lowed clearly; the Martian sidereal rotation period 
is 24"37™ 22.68 and the rotation axis in inclined 
25°12’ to the orbital plane. This near coincidence 
with the Earth’s rotational properties (23 56™ 
4.09§ and 23°27’) implies that you might feel very 
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much at home on Mars, except that the Martian 
seasons last about twice as long as the Earth’s (and, 
overall, it’s much colder!). 


@ Physical Characteristics 


Mars has a radius of 3394km, only 53% of the 
Earth’s radius. Mars has two moons, and so we use 
Newton’s form of Kepler’s third law and the orbits 
of these moons to infer Mars’ mass. It is only 
64 x 1023 kg, about 11% of the Earth’s mass. The 
density is 3900 kg/m3, only a bit higher than the 
Moon’s (3300 kg/m?) and much lower than the 
Earth’s (5500 kg/m?). 

This comparatively low density implies that 
Mars’ interior (Figure 5-16) must be different from 
the Earth’s. In particular, its core must be smaller 
and probably consists of a mixture of iron and iron 
sulfide, which has a lower density than the mate- 
rials in the Earth’s core (4600 to 5000 kg/m? com- 
pared to 7000 kg/m°). The Martian mantle prob- 
ably has the same density as the Earth’s. The exact 
composition of the mantle is not known; one model 
has a mantle with olivine (an iron—magnesium sil- 
icate), iron oxide, and some water. 

Astronomers have known for a long time that 
Mars has an atmosphere. The Viking landers found 
average surface pressures of roughly 0.02 atm. In 
the Earth’s atmosphere, the pressure falls this low 
at an altitude of 40 km. This thin atmosphere con- 
sists of 95% carbon dioxide, 0.1 to 0.4% molecular 
oxygen, 2 to 3% molecular nitrogen, and about 1 to 
2% argon—a composition very similar to the at- 
mosphere of Venus. 

The Viking orbiters measured the amount of 
water vapor in the atmosphere and found the 
greatest amounts in the high northern latitudes. 
Peak concentrations were about 0.01 mm of precip- 
itable water (the thickness of the water layer if all 
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Figure 5-16 Interior model of Mars. Note the relatively 
small size of the core compared to the mantle. 
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Figure 5-17 Mars in 1995 at opposition, when the Earth and Mars were 103 million km 
apart. These HST views show three important regions: Tharsis (at left) with high, white 
clouds; Valles Marineris (center), whose rift valley is at lower left; and Sytris Major. 
(P. James, S. Lee, and NASA) 


the water were taken out of the atmosphere and 
spread over the surface). On Earth, the atmospheric 
water vapor is typically several centimeters of pre- 
cipitable water, and of course the oceans are sev- 
eral kilometers thick. Mars is a much drier planet 
than the Earth. Liquid water cannot exist on Mars 
today because of the low surface pressure. Only in 
the deepest canyons, where the atmospheric pres- 
sure is higher, could water be liquid on the surface. 
However, it is common to have water ice on Mars, 
either on the surface or in the clouds. Some evi- 
dence suggests that water exists in a permanent 
frost layer beneath the surface. 

Although the atmosphere contains mostly car- 
bon dioxide, its low density does not provide much 
of a greenhouse effect against temperature ex- 
tremes. At the Martian equator, the difference be- 
tween noon and midnight surface temperature 


amounts to almost 100 K when Mars is closest to 
the Sun. The summer tropical high temperature of 
310 K is exceptional. For a period of two Martian 
months, the surface temperature remains below the 
freezing point of water both day and night over the 
entire surface. 


Surface Features from Afar 


The visible surface features on Mars are dark, ap- 
parently greenish gray areas, in contrast to the red- 
dish orange color of the rest of the surface (Figure 
5-17). This greenness turns out to be an illusion 
caused by the contrast of the light and dark areas. 
The dark regions are not really green; they are ac- 
tually red, with greatest intensity in the red region 
of the spectrum. 


Figure 5-18 The southern summer polar cap. The re- 
sidual cap of carbon dioxide ice shows the layered struc- 
ture of the polar region. The spiral pattern of dark lines 
are valleys where the bare ground is exposed. (NASA) 


The light orange and yellow-brown regions 
make up almost 70% of the Martian surface. They 
give Mars its striking reddish appearance. In 1934, 
the American astronomer Rupert Wildt (1905- 
1976) suggested that these areas contain ferric ox- 
ide (Fe2O3). Iron oxides come in many forms on the 
Earth; all are characteristically brown, yellow, and 
orange. The Viking landers’ measurements indi- 
cated a surface composition of about 19% ferric ox- 
ide. In addition, the landers measured about 44% 
silica, which leads to the conclusion that silicate 
minerals make up a major part of the surface. 

The rusty sand, some of which is much finer 
than that on Earth’s beaches, is blown up by fierce 
winds (speeds greater than 100 km/h) to create 
planetwide dust storms. These storms occur most 
violently when Mars is closest to the Sun. Then the 
dust clouds, whipped up to heights of 50 km, 
shroud the entire planet, covering it in a yellow 
haze for about one month. It takes many months 
for the fine dust to settle completely to the surface. 
These global storms sandblast the surface and mix 
it up so much that the surface composition over the 
planet becomes essentially uniform. We now know 
that this wind-driven dust caused most of the 
changes in Martian surface features seen in the past. 

In 1877, Schiaparelli recorded Martian surface 
features in great detail. He charted a number of 
dark, almost straight features, which he called can- 
ali, Italian for channels. This word was translated 
into English as canals, which implied to some peo- 
ple that they were artificial structures. These so- 
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called canals ignited the curiosity of the American 
astronomer Percival Lowell (1855-1915). To pursue 
his interest in Mars, Lowell in 1894 founded an ob- 
servatory near Flagstaff, Arizona, to take advan- 
tage of the excellent observing conditions there. 
Shortly afterward, he published Martian maps 
showing a mosaic of more than 500 canals. In a 
series of popular books, he argued that the canals 
were artificial waterways constructed by Martians 
to carry water from the polar caps to irrigate arid 
regions for farming. Lowell was wrong about the 
so-called canals. Windblown dust may have cre- 
ated temporary features that he saw as the largest 
canals. The smaller, sharper ones were probably 
optical illusions enhanced by wishful expectations. 
A comparison of Lowell’s maps with orbiter im- 
ages showed that only one real feature (a part of 
Valles Marineris) corresponds to any of the canals. 

We know now that the north polar cap does 
indeed contain mostly water ice, especially the re- 
sidual cap left in the summer, which ranges in 
thickness from 1 m to 1 km (Figure 5-18). The outer 
reaches of the cap, prominent in winter, consist of 
carbon dioxide ice, which condenses at a lower 
temperature than water ice. (At Martian surface 
pressures, water ice condenses at about 190 K, car- 
bon dioxide ice at 150K.) In contrast, the south 
polar cap consists exclusively of CO, ice. The total 
amount of water in the polar caps is only some 
10 m of precipitable liquid. 


@® Surface Features Close Up 


The two Martian hemispheres have different to- 
pological characteristics: the southern is relatively 
flat, older, and heavily cratered; the northern is 
younger, with extensive lava flows, collapsed de- 
pressions, and huge volcanoes. Near the equator 
separating the two hemispheres lies a huge canyon, 
called Valles Marineris (Figure 5-19). This chasm 
is 5000 km long (about the length of the United 
States) and 500 km wide in places. 

The Viking landers photographed a bleak, dry 
surface with large rock boulders strewn about amid 
gravel, sand, and silt. The boulders are basaltic. 
Some contain small holes (Figure 5-20) from which 
gas has apparently escaped. On Earth, such basalts 
originate in frothy, gas-filled lava; the Martian 
rocks probably had a similar origin. 
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Figure 5-19 Valles Marineris. This view shows an area 
1500 by 2000 km; the total length is 5000 km. (NASA) 
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Both landers uncovered indirect evidence of 
once-flowing Martian surface water. The region 
around Viking 1 seems to be a flood plain where 
water sorted the smaller rocks into gravel, sand, 
and silt. The ground there also resembles the hard- 
ened soil of Earth’s deserts. Such soil forms when 
underground water percolates upward and evap- 
orates at the surface. Minerals left behind when this 
water evaporates harden the soil. 

A number of sinuous channels appear to have 
been cut in the surface by running water. The larg- 
est ones have lengths up to 1500 km and widths up 
to 100 km. (These channels are not the canals seen 
by Lowell and others; they are crooked and too 
small to be visible from the Earth.) Some resemble 
the arroyos commonly found in the southwestern 
United States. An arroyo is a channel in which wa- 
ter flows only occasionally; it shows a downhill 
flow with meandering patterns and tributary struc- 
tures where several flows merged to form a larger 
one. The presence of Martian arroyos requires ex- 
tensive running water for short periods of time. Be- 


Figure 5-20 View of the Viking 1 site. The rocks are a few tens of centimeters in di- 
ameter. Note the dark rock with holes to the left of the scoop; it is a volcanic rock. The 
scoop has sampled the soil just to the left of this rock. (NASA) 


Figure 5-21 Outflow channels on Mars, made by the 
catastrophic release of groundwater. Here the terrain has 
a slope of a few kilometers. Note how some of the chan- 
nels cut through craters, an indication that they formed 
after the cratering. (NASA) 


cause Mars does not have liquid surface water 
now, conditions for its presence must have oc- 
curred in the past and would have required a 
denser, warmer atmosphere. 

The largest of the Martian channels are dry 
river beds with many branching tributaries (Figure 
5-21). The Mangala Vallis region in the Northern 
Hemisphere was a major river junction in wetter 


Figure 5-22 Olympus Mons. 
Reaching about 27 km high, this 
shield volcano is wreathed in 
clouds along its flank. (NASA) 
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times. It covers hundreds of square kilometers. 
Craters in the channels, some of which show is- 
lands from the old flows, give an estimated date of 
3 to 3.8 billion years ago as the time of activity. 

By far the most striking Martian surface fea- 
tures are the shield volcanoes clustered on and near 
the Tharsis ridge. The largest is Olympus Mons, 
550 to 600 km across at its base (Figure 5-22). The 
cone’s surface shows a wavy texture that is the re- 
sult of lava flows. The cone reaches 27 km above 
the surrounding plain, and its base would span the 
bases of the islands of Hawaii, which are made of 
several volcanoes. Olympus Mons soars more than 
2.5 times the height of Mr. Everest above sea level. 
The huge mass of Olympus Mons requires that the 
Martian crust beneath it be 120 to 130 km thick, 
about twice the thickness of the Earth’s crust, de- 
spite the lower Martian surface gravity. 

The Southern Hemisphere of Mars has a cra- 
tered terrain (Figure 5-23) that resembles the an- 
cient highlands of the Moon or the intercrater 
plains of Mercury. The landscape contains impact 
craters that range in size from huge, lava-filled ba- 
sins down to some only a few meters across. The 
Martian craters come in the same variations as lu- 
nar and Mercurian ones, some with central peaks 
that mark their impact origin. In general, the Mar- 
tian craters are shallower than the ones on the 
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Figure 5-23 Argyre Planitia in the Martian Southern 
Hemisphere. Argyre is the large impact basin to the left 
of center. Note the many craters in the surrounding re- 
gion. (NASA) 


Moon and Mercury because of wind erosion and 
greater surface gravity. 


Magnetic Field 


Mars has an extremely weak planetwide magnetic 
field, the magnitude of which is only 60 nT at the 
surface. (Venus, though, has a weaker field!) That 
small a value presents a puzzle if the dyna- 
mo model correctly describes planetary magnetic 
fields. Mars rotates as fast as the Earth. Even 
though the Martian core is smaller, it should con- 
tain a substantial amount of metals. We have no 
direct evidence that the core is liquid now, but the 
evidence for past volcanic activity implies a hot 
mantle and therefore a hot core. So Mars should 
have a moderately strong field, but it does not. Per- 
haps, as for Venus, we are viewing Mars in the 
middle of a magnetic field reversal, but it is un- 
likely that we would catch both planets in the pro- 
cess of changing polarity. 


Evolution of the Surface 


The evolution of Mars has reached a level between 
that of the Moon and that of the Earth. After the 
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formation of Mars by accretion, impact craters cov- 
ered the surface. Shortly thereafter, the planet dif- 
ferentiated to form a crust, mantle, and core. Re- 
gions of thicker crust rose to higher elevations. In 
the second phase, thin regions of the crust frac- 
tured and the Tharsis ridge uplifted, cracking the 
surface around it. During this time, a primitive at- 
mosphere, denser and warmer than at present, held 
large amounts of water vapor from the volcanic 
outgassing. Rainfall may have eroded the surface 
in furrows and then percolated to a depth of a few 
kilometers. Decreasing temperatures formed ice at 
shallow depths. When heated (perhaps by volcanic 
activity), this ice melted, leading to the formation 
of collapse and flow features. Planetwide water 
erosion carved the surface. 

In the next phase, extensive volcanic activity 
occurred, especially in the Northern Hemisphere. 
The Tharsis region continued to uplift, generating 
more faults. Valles Marineris formed at this time. 
Finally, recent volcanism—most of it concentrated 
on the Tharsis ridge—broke the surface and 
spewed out great flows of lava. Since those great 
eruptions, it is mainly wind erosion that has 
sculpted the Martian surface. A few small impact 
craters have probably formed from time to time. 


5-4 
COMPARATIVE EVOLUTION OF THE 
TERRESTRIAL PLANETS 


Internal heat, generated by radioactive decay now 
or left over from the planet’s formation, drives the 
evolutionary processes of Earth-like planets. As we 
argued in Chapter 4, the lifetime of these processes 
is roughly proportional to the planet’s radius, so 
that we expect—and find—the Earth the most 
evolved (and still evolving!) of the terrestrial 
planets. 

We can divide the evolutionary sequence of 
terrestrial planets into five main stages: 


|. Formation, heating of crust and interior 
ll. Crust solidification, intense cratering 
Ill. Basin formation and flooding 
lv. Low-intensity cratering, atmosphere by out- 
gassing 
V. Volcanoes, continents, crustal movement 
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We can compare and contrast the overall evolu- 
tionary status of the terrestrial planets in this 
scheme. Both Mercury and the Moon evolved to 
the end of stage III; they provide fossil records of 
the early history of all the terrestrial planets. In par- 
ticular, they show that an intense bombardment 
heavily cratered the surfaces 4 billion years ago. On 
Mars, some of those impact craters are still visible, 
although highly modified. On the Earth and Venus, 
subsequent evolution has wiped out evidence of 
that era. Mars appears, in fact, to have reached an 
evolutionary status between that for the Moon and 
Mercury and that for Venus and the Earth; it 
reached the beginning of stage V. Venus has en- 
tered stage V, and the Earth is far into this stage. 

Note that the differentiated interior structure of 
the terrestrial planets implies that all of them be- 
came hot enough in their interiors to melt the ma- 
terials there or at least make them plastic. The orig- 
inal mixture then separated into layers on the basis 
of different densities. 

A comment about cratering, which clearly con- 
tributed to the early evolution of all the terrestrial 
planets, is in order. As you will see in the next two 
chapters, nearly every solid surface in the Solar 
System is cratered. The number of craters of vari- 
ous sizes on a surface allows us, with some as- 
sumptions, to infer the range of sizes and infall 
rates of the impacting masses and the ages of the 
cratered surfaces. 

Basically, the diameter of a crater relates to the 
kinetic energy of the impacting object, which is a 
stronger function of infall velocity than mass. 
Hence, the fact that on most planetary surfaces 
smaller craters outnumber larger ones implies that 
smaller objects were in greater abundance. The 
largest craters and basins were formed by objects 
more than 100 km in size. Note that, once formed, 
craters are modified by later impacts, lava flows, 
and erosion (for a planet with a substantial atmo- 
sphere). 

The Moon serves as the baseline for estimating 
cratering rates as a function of time because we can 
date the surface areas. One interpretation of the 
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Figure 5-24 Schematic reconstruction of the relative 
rate of cratering of the Moon. Present rates are observed 
for the Moon; the rates from 4.0 to 4.5 billion years are 
very uncertain and may be a factor of 100 lower than 
shown here. (Adapted from a figure by W.K. Hartmann) 


data (Figure 5-24) envisions a sharp but smooth 
decline in the rate over the past 4.5 billion years. 
The rate now may be as much as a million times 
less than that during the era the planets formed— 
that is what is meant by the early intense bom- 
bardment of the surfaces. Impact rates varied from 
planet to planet, but should be roughly the same 
(within a factor of 2) for at least the terrestrial plan- 
ets. It is probable that the evolution of the cratering 
rate (Figure 5-24) was more or less the same (in a 
relative sense) for all the planets and satellites. 

For the terrestrial planets, we can use the spec- 
trum of crater sizes and surface densities to esti- 
mate different degrees of surface evolution. Our 
Moon ranks as the least modified (along with Dei- 
mos and Phobos, the moons of Mars; see Section 
7-1), followed by Mercury, Mars, Venus, and the 
Earth. 
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| Key Equations & Concepts ] & Concepts 


Synodic period of rotation 


1/S = 1/P — 1/T 


The Terrestrial Planets: Mercury, Venus, and Mars 


Doppler shift from rotation of a planet 


AA/Ag = 2eg/c = 4nR/Pc 


Central pressure of a planet 


P. = (2/3)mG(p)?R2 = (14 X 107)(p)2R2 


1. (a) Calculate and compare Mercury’s surface tem- 9. Estimate the lifetime of CO, in the atmospheres of 


perature at noon at perihelion and at aphelion. 
(b) At what wavelength would Mercury’s thermal 
emission peak on the dayside? On the nightside? 


. At a frequency of 10 GHz, calculate the difference 


10. 


Mars and Venus. 


Compare the scale heights of CO) in the atmospheres 
of Mars and Venus. What do you conclude? 


(from rotation) between the Doppler shift of a radio 11. For a magnetic dipole, the field strength far from the 
signal bounced off one side of Mercury and that of dipole varies as 1/R3. At what distance from Mer- 
a signal bounced off the other side. cury’s center does that planet’s magnetic field have the 
same strength as the Earth’s at the Van Allen belts? 
. Assume Mercury has a satellite whose composition 
is the same as Mercury’s and whose mass is 1% of 12. Use hydrostatic equilibrium to compare the central 
the mass of Mercury. How closely must it orbit Mer- pressures of Mercury, Venus, and Mars. (Hint: Call 
cury to remain bound against the tidal force of the Sun? the surface pressure zero and use the average 
density.) 
. Calculate the length of the solar day on Venus. 
Watch out for the retrograde rotation! 13. The mean albedo of Mars is 0.16. What is the noon- 
time temperature of Mars at perihelion? At aphelion? 
. (a) Calculate the maximum radar Doppler shift (at Compare your results to the observed temperature 
10 GHz) due to rotation from Venus and Mars. range of 210-300 K. 
(b) What accuracy in timing of radio signals must be 
obtained to detect the minimum height differ- 14. In the late 19th century, Percival Lowell claimed that 


ences on Venus? 


. At what distance from the center of Venus would 
you expect a magnetic field strength equivalent to 
that of the Earth’s Van Allen belts? Do the same cal- 
culations for Mars. What do you conclude? 


. Compare the appearance of the Earth-Moon system 
viewed from Mars with that viewed from Mercury. 


. Calculate the Roche limit for Mars (with the plane- 
tary and satellite densities equal) and compare your 
results with the orbits of Deimos and Phobos, the 
moons of Mars. 


he was able to observe extensive canal structure on 
Mars. However, other astronomers at the time were 
unable to see the canals. Evaluate these claims by 
considering the size of features visible on Mars and 
the angular resolution of Earth-based telescopes. For 
a good telescope, angular resolution is limited by the 
atmospheric “seeing” and not the telescope optics. 
On a night that is considered excellent seeing, it is 
possible to resolve structures to an angular size of 1 
arcsec. (On the best sites on the best nights, 0.3 arcsec 
is possible.) 
(a) What is the angular size of Mars at opposition? 
(b) Valles Marineris is one of the larger features on 
the Martian surface, with dimensions 5000 km by 
500 km. At opposition what are the angular di- 


mensions of Valles Marineris? Should it be re- 
solved from the Earth? 

(c) At opposition what would be the angular reso- 
lution required to detect something roughly the 
size of a 1-km-wide canal? Could Lowell have 
seen this size canal? 

(d) What is the minimum size feature resolved with 
1-arcsec seeing? 


15. At what distance from the Sun would Mercury be 
pulled apart by tidal forces? How does this compare 
with Mercury’s actual distance from the Sun? 


16. (a) To understand the magnitude of the greenhouse 
effect on Venus, calculate the equilibrium black- 


17. 


18. 
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body and subsolar blackbody temperatures of 
Venus. Compare these temperatures to the ob- 
served temperature of 750 K. Make a statement 
about the importance of the greenhouse effect. 

(b) Do the same for the Earth. Comment on the rel- 
ative importance of the greenhouse effect for the 
Earth compared to Venus. 


Estimate the masses of the cores of Mercury, Venus, 
and the Earth and compare them. Are there any 
surprises? 


At what altitude do you have to go up in the atmo- 
sphere of Venus in order to reach a pressure of 1 atm? 


The Jovian Planets 
and Pluto 


ased on physical properties, the planets of the 

Solar System fall into two categories: terrestrial 
and Jovian. The previous chapter highlighted the 
rocky, earth-like worlds. This chapter turns to the 
gigantic, liquid worlds that make up the Jovian 
planets—places quite different from the terrestrial 
planets. The main point of the comparison is this: 
The Jovian planets are primitive worlds that have 
evolved less since their time of formation than have 
the active terrestrial planets (Earth, Venus, and 
Mars). 


6-1) 
JUPITER 


Beyond Mars, we pass the asteroid belt (Section | 


7-2) near 3 AU and finally come to the lord of the 
Jovian planets, Jupiter, named after the king of the 
Olympian gods. Because of its enormous size and 
high albedo (0.51), Jupiter is a bright planet in the 
Earth’s night sky, especially at opposition. 


Motions 


Jupiter’s orbit about the Sun has a small eccentric- 
ity (0.0484) and is inclined only 1.30° to the plane 
of the ecliptic; at a semimajor axis of 5.2028 AU, the 
planet completes one sidereal orbit in 11.862 Earth 
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years. The synodic orbital period of 398.884 implies 
that Jupiter returns to opposition (at full phase) 
about one month later each year. 

Because we can see only the upper atmosphere 
of Jupiter (Figure 6-1), the planet’s rotation period 
is determined by following the rotation period of 
atmospheric features, by measuring the Doppler 
shifts of light from the approaching and receding 
limbs, and by studying the rotation of the magnetic 
field structure. (The magnetic field period is the 
most common base rotation rate, called the body 
rotation period.) We find that Jupiter’s rotation axis 


Figure 6-1 Jupiter. Taken in 1995 by HST, this image 
shows Jupiter’s turbulent upper atmosphere. The arrow 
points to the site where the Galileo probe entered the at- 
mosphere. (R. Beebe and NASA) 


is inclined 3°7’ to its orbital axis, but the sidereal 
rotation period varies from 9" 50™ near the equator 
to 9°55™ at higher latitudes. The body rate is 9* 
55.5". Hence, the gaseous Jovian atmosphere ex- 
hibits differential rotation: fastest at the equator 
and slowest at the poles. (The Sun also rotates dif- 
ferentially because it is a fluid.) The rotation struc- 
ture of Jupiter’s atmosphere is reminiscent of the 
Hadley cells and characteristic trade winds in the 
Earth’s atmosphere [Section 3-2(A)]. Jupiter’s ex- 
tremely rapid rotation results in its large oblateness 
(0.062). 


@ Physical Characteristics 


The equatorial radius (11.19R@) and mass (318Me) 
of Jupiter have been accurately determined by ob- 
serving the orbits and occultations of its moons, by 
measuring the angular diameter of its visible disk 
(47” at opposition), and by Voyager flyby measure- 
ments. This gigantic prototype of the Jovian planets 
has a mean density of only 1330 kg/m3. This low 
density implies that the composition of Jupiter is 
similar to the solar abundances of about 75% hy- 
drogen, 24% helium, and 1% all heavier elements 
(by mass). 


6-1 Jupiter 101 


The disk of Jupiter shows bands of white, blue, 
red, and yellow clouds (Figure 6-1). The colors re- 
sult from the various chemical compounds formed 
there. These bands change their structure with 
time, but the relatively stable Great Red Spot (first 
reported in 1664) has been constantly observed 
since the 19th century. This enormous atmospheric 
feature measures about 12,000 km by 23,000 km 
(larger than the Earth!), and it changes shape, po- 
sition, and intensity. Jupiter’s cloudy atmosphere 
reflects light well and results in the planet’s high 
albedo. 

The alternating strips of light and dark regions 
that run parallel to the equator are called zones 
(light bands) and belts (dark bands). Infrared ob- 
servations show that the zones have lower temper- 
atures than the belts. Because the atmospheric tem- 
perature falls at greater altitudes, the zones are 
higher up than the belts. These differences in tem- 
perature imply that the zones mark the tops of ris- 
ing regions of high pressure and the belts descend- 
ing regions of low pressure. (The Coriolis effect 
stretches these convective regions out parallel to 
the equator.) The convective atmospheric flow 
transports heat out to space from the planet’s in- 
terior. The Voyager missions zoomed in on these 
complex streams and swirls of Jupiter’s upper 
cloud layer to show the turbulent atmospheric flow 
(Figure 6-2). 

Infrared spectroscopy reveals the atmospheric 
composition above the clouds. In 1934, methane 
(CH4) was discovered, the first molecule definitely 
identified. Later, ammonia (NH3), molecular hy- 
drogen (Hz), and atmospheric helium (He) were 
found. Voyager also observed acetylene (C2H)g), eth- 
ane (C2H¢), phosphine (PH3), water (H2O), and ger- 
mane (G2H4). Some of these molecules had been 
previously detected in spectra taken from the 
Earth, as had CO and HCN. An analysis of Voyager 
spectroscopic data implies that Jupiter’s upper at- 
mosphere contains (by mass) about 78% hydrogen, 
20% helium, and 2% all other elements, a compo- 
sition essentially the same as the Sun’s. Most of this 
material exists as molecules. 

From a variety of observations, we know that 
the Red Spot is 10° cooler than, and extends about 
8 km above, the surrounding zone; it is a rising re- 
gion of high pressure. Also, it rotates counterclock- 
wise like a vortex, just as expected from a high- 
pressure region in Jupiter’s Southern Hemisphere. 
A model emerges in which the Red Spot turns like 
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a huge wheel pushed by the surrounding atmo- 
spheric flow and in turn deflects nearby clouds to 
force them around it. So the Red Spot is a huge, 
long-lived atmospheric eddy with a turbulent re- 
gion flowing past it (Figure 6-2). As in terrestrial 
storms, the lifetime scales roughly as the size of the 
eddy, so we expect it to persist. 

The visible clouds at the tops of the zones are 
most likely ammonia ice crystals because the tem- 
perature here is about 150 K. Below them, accord- 
ing to one model, lies a layer of ammonia hy- 
drosulfide (NH4HS) clouds. Below these float 
ammonia vapor and water ice clouds. This model 
describes three separate cloud layers making up 
the upper atmosphere. The top layer is ammonia, 
below that are ammonia and hydrogen sulfide, and 
the bottom layer is water ice. The colors of the Red 
Spot and other atmospheric features probably re- 
sult from chemical reactions of major and trace 
molecules, with photoionization and dissociation 
driving the reactions to make hydrocarbons that 
provide the coloration. 

We infer Jupiter’s internal structure from phys- 
ical models that include a solar mix of material 
throughout. They also must account for the fact 
that Jupiter radiates into space more energy than it 
receives from the Sun (about twice as much); its 
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Figure 6-2 The Red Spot. 
This computer-enhanced view 
emphasizes the turbulent 
flows around the Red Spot. 
The smallest details are 30 km 
across. (NASA) 


temperature is higher than that of a blackbody at 
the same distance from the Sun and having the 
same albedo. The internal heat is probably left over 
from Jupiter’s formation. 

Models of Jupiter show that the density, tem- 
perature, and pressure increase inward (as ex- 
pected from hydrostatic equilibrium), and so the 
hydrogen exists in a liquid state. At a pressure of 
about 3 million atm, the hydrogen is squeezed so 
tightly that the molecules are separated into pro- 
tons and electrons that freely move around and can 
conduct electricity. This state is called metallic hy- 
drogen, which has been observed in a laboratory on 
the Earth; its existence is predicted from quantum 
physics. This strange state persists to within about 
14,000 km of the planet’s center. Here, if Jupiter 
does have a solar composition, lies a solid core of 
heavy elements (Figure 6-3). 

Note that the equation of hydrostatic equilib- 
rium (Equation 4-3) can be applied to the interior 
of a stable planet, which is neither expanding nor 
contracting. This condition then requires that the 
internal pressure increase as one goes deeper into 
a planet's interior (because a greater weight has to 
be supported). We can use the equation of hydro- 
static equilibrium to estimate roughly the central 
pressure of Jupiter, as we did for the terrestrial 


Figure 6-3 A model of Jupiter’s 

interior. Note the large zone of liq- 

uid metallic hydrogen. (NASA) 
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planets. Take 
P, = (2/3)mG(p)?R? = (14 X 107!°) (p?)R? 


in SI units (pascals for pressure). Then for Jupiter, 
we have a radius of about 70,000 km and an aver- 
age density of roughly 1300 kg/m%, so 

P, ~ (14 X 1071°)(1300)2(7 x 10)? 
(14 X 1071°)(8.3 x 1071) 
= 12 X 10! Pa = 12 X 107 atm 


which is about ten times greater than the Earth’s. 

As mentioned earlier, Jupiter (along with Sat- 
urn and Neptune, Table 6-1) emits more infrared 
energy than the amount absorbed from incoming 
sunlight. The total- internal excess power amounts 
to about 4 x 10/7 W (roughly equal to the solar en- 
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ergy input). How can we conclude that the source 
of this excess is energy from the time of Jupiter’s 
formation? Consider an alternative: the heat may 
come from a very slow gravitational contraction as 
the central metallic layer grows at the expense of 
less dense material. How much shrinkage is 
needed? Roughly, the gravitational potential en- 
ergy of a spherical mass is 


PE ~ -—GM7/R 
so that 
Energy loss = d(PE)/dt ~ (—GM?/R*)dR/adt 
and, substituting values for Jupiter, 


(4 x 10!7 W)(3 x 107 s/year) ~ 107° J/year ~ 
(7 x 1071.9 x 1027)2/(7.1 x 107)2](dR /dt) 


FTABLE 6-1] Yaw Internal Heat of the Jovian Planets 


Tp (K) Ratio Radiated to Internal 
Planet (blackbody temperature) Absorbed Energy Power (W) 
Jupiter 124.4 (1.67 + 0.08) X solar input 4 x 10!” 
Saturn 95.0 (1.79 + 0.10) X solar input 2 x 10!” 
Uranus 59.1 <=14 X solar input =10 


Neptune 


593 


(2.7 + 0.3) X solar input 3 x 105 
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which implies that 
dR/dt ~ 10~* m/year 


This amount of shrinkage would be undetectable. 
However, the problem with this idea is that Jupi- 
ter’s liquid interior is basically incompressible, and 
so this shrinkage, although small, could not hap- 
pen for long. In contrast, if the thermal conductiv- 
ity of metallic hydrogen is not high, then Jupiter 
could easily retain its primordial internal energy 
for billions of years. The period of gravitational 
contraction then could have occurred early in the 
planet’s history until it could no longer contract. 


Magnetic Field 


Jupiter exhibits radio emissions that have been 
linked to a Jovian magnetic field of about 4 x 10-4*T 
at the surface. (See Table 6-2 for a comparison of 
the magnetic fields.) This strong magnetic field 
arises from a dynamo mechanism in a rapidly ro- 
tating liquid core of metallic hydrogen. At wave- 
lengths from 3 to 75cm, the planet radiates non- 
thermally; this decimeter radiation (1 decimeter = 
107 m) is synchrotron radiation from relativistic 
electrons spiraling at speeds very near the speed of 
light in Jovian radiation belts trapped by Jupiter’s 
magnetic field. Radio interferometer measurements 
and the Voyager missions reveal radiation belts sim- 
ilar to the Earth’s Van Allen belts (Figure 6-4), ex- 
tending beyond three Jovian radii at the magnetic 
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equator; the magnetic axis is inclined 9.6° to Jupi- 
ter’s rotation axis. This intense field creates around 
Jupiter a huge magnetosphere that deflects the so- 
lar wind. 

Earth-based radio observations and satellite 
flybys reveal that Jupiter’s magnetosphere has a 
complex structure. If it were visible to us optically, 
the magnetosphere seen head-on would subtend an 
angle of 2°—four times larger than the angular size 
of the Sun or Moon (Figure 6-5)! Jupiter’s magne- 
tosphere falls into three distinct zones. An inner 
magnetosphere marks the region where the magnetic 
field generated by currents within the planet dom- 
inates; it extends out to about 6R,. From there to 
30R; to SOR; extends the middle magnetosphere, 
where equatorial azimuthal currents control the 
field configuration. Beyond 50R,, the geometry of 
the outer magnetosphere depends on the sunward or 
nightside orientation. The sunside fields act as a 
buffer zone that expands and contracts with vari- 
ations in the solar wind’s intensity. The nightside 
shows a long magnetic tail, about 400R, in diameter 
and a few AU in length. 

The planet’s dipolar field controls the inner 
magnetosphere. It is most simply modeled by a di- 
pole tilted with respect to the spin axis. As this field 
spins, it accelerates electrons to relativistic speeds— 
to tens of MeV. Those in the region from 1.3R; to 
3R, generate the synchrotron emission. 

From our previous discussion [Section 4—6(C)] 
of the motion of charged particles in the Earth’s 


TTABLE 6-2] ey Comparison of Planetary Magnetic Fields 


Property Earth Jupiter Saturn Uranus Neptune 
Body rotation 23.9345 9.9249 10.6562 17.24 16.11 
period (h) : 
Tilt of equator 23.45 3.08 26.73 97.92 18.8 
to orbit (°) 
Mean surface 0.31 x 10-4 4.28 x 1074 0.22 x 1074 0.23 x 10-4 0.13 x 1074 
field (T) 
Magnetic 11.4 9.6 0.0 58.6 46.8 
dipole tilt (°) 
Magnetic 0.0725 0.0 0.04 0.3 0.55 


dipole offset 
(radii) 


Magnetic Axis 


Radiation Belts 


_ Rotation axis 
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Figure 6-4 Jupiter’s magnetosphere, based on spacecraft data. The size and shape vary 
with time depending on the gustiness of the solar wind. 


Figure 6-5 Radio map of part of Jupiter’s magneto- 
sphere. This radio map at 1.5 GHz shows the synchro- 
tron emission from the relativistic electrons in the radi- 
ation belts. (VLA, National Radio Astronomy Observatory) 


magnetic field, you know that the particles will gy- 
rate around the magnetic field lines with a radius 


r = mv/gB 


where m is the particle’s mass, v its velocity, q its 
charge (in coulombs), and B the magnetic field 
strength (in teslas). The frequency of its motion is 


f = 0/2nr 


= v/2a(mv/qB) 
qB/2am 


This frequency is often called the cyclotron fre- 
quency, for it is the frequency with which charged 
particles travel around a cyclotron, which uses a 
uniform magnetic field to contain them. For elec- 
trons, the cyclotron frequency is 


fe = Be/2mm,. ~ (28 X 104)B (MHz) 


where B is in teslas. These accelerated particles 
emit electromagnetic radiation. Such radiation 
from particles moving at nonrelativistic speeds is 
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Figure 6-6 Jupiter aurora, 
imaged by HST, in visible 
light (left) and ultraviolet 
(right). The visible light image 
shows how Io (bright spot to 
Jupiter’s right) and Jupiter are 
linked by a flux tube. The ul- 
traviolet image, taken about 
15 minutes later, shows Ju- 
piter’s auroral emissions at 
the north and south poles. 
(J.T. Clarke, G.E.  Ballester, 
J. Trauger, R Evans, and 
NASA) 


emitted in all directions. For electrons moving at 
relativistic speeds, the emission is concentrated in 
the forward direction in a beam of opening angle 


6 = (1 — v/c?)/2 (radians) 


or 


6 ~ 56/E — (degrees) 


when E is in MeV. An observer located in the elec- 
tron’s plane of gyration would see one pulse per 
revolution at frequency f,, and the emission has lin- 
ear polarization. This polarized radiation is called 
synchrotron radiation. 

The actual synchrotron emission of a group of 
electrons at various energies consists of a broad en- 
velope characterized by the spread in f.. If their 
velocities are not perpendicular to the magnetic 
field, the particle paths are helices with a pitch an- 
gle of a (a is 90° when an electron moves perpen- 
dicular to the magnetic field). Then the peak in the 


synchrotron emission spectrum occurs at approx-. 


imately 


fax ~ (4.8 X 107-4)E2B sina = (MHz) 


where E is in MeV and B in teslas. The flat peak in 
the emission from Jupiter occurs at roughly 1 GHz 
(=1000 MHz). For a 90° pitch angle, this implies 
that in a field of 10~4T, the electron energies are 


E2 ~ frnax/(4.8 X 10°4)B sin a 
~ (1000)/(10~4)(1)(4.8 X 1074) 
E ~ 140 MeV 
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and the emission is beamed within a cone angle of 
0.4°. 


Voyager pictures of Jupiter’s nightside show 
polar aurorae for the first time. The photographs 
indicate that the aurorae occur in at least three lay- 
ers: at 700, 1400, and 2300 km above the cloud tops. 
These aurorae happen for the same reason as on 
the Earth: excitation of the upper atmosphere by 
energetic charged particles pouring in near the 
north and south magnetic poles. 

Hubble Space Telescope images (Figure 6-6) re- 
veal changes in Jupiter’s auroral emissions and 
how small auroral spots just are linked to the 
planet’s volcanic moon Io. Jupiter and Io are linked 
by an invisible electrical current of charged parti- 
cles in the magnetic flux tube. The particles, ejected 
from Io by volcanic eruptions, flow along Jupiter’s 
magnetic field lines, which thread through Io, to 
the planet’s north and south magnetic poles. When 
the particles in Io’s flux tube reach Jupiter’s upper 
atmosphere, they interact with hydrogen gas, mak- 
ing it fluoresce to create bright auroral spots. 


6-2 
SATURN 


Beyond Jupiter orbits the last of the seven planets 
known to the ancients: Saturn, named after the fa- 
ther of Jupiter. Saturn is the second largest Jovian 
planet in the Solar System, and it is girdled by a 
most magnificent system of rings (Figure 6-7). The 
splendor of the Saturnian sky is marked by the 
bright bands of its rings and its many moons. 


Figure 6-7 Saturn, imaged by 
HST in the ultraviolet (showing 
an aurora that rises 2000km 
above the cloud tops) and in vis- 
ible light (showing the cloud 
deck). (J.T. Trauger, J.T. Clarke, 
and NASA) 


Motions 


At the orbital semimajor axis of 9.539 AU, Saturn’s 
sidereal revolution period is 29.458 years in a mod- 
erately eccentric (0.0556) orbit inclined 2.49° to the 
ecliptic. From the Earth, Saturn’s angular diameter 
at opposition is about 20”. 

Like Jupiter, Saturn has a thick, cloud-filled at- 
mosphere that rotates differentially. By observing 
the Doppler shifts across the planet and accurately 
timing atmospheric markings, we find the sidereal 
rotation period to be 10" 14™ near the equator and 
10" 38™ at high latitudes. The body rotation period 
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is 106 39™. Again, we have a differential rotation 
similar to Jupiter’s. Saturn’s equator is inclined 
26°44’ to its orbital plane, so that alternate poles of 
the planet are tilted toward the Earth at intervals 
of about 15 years. The rotation causes the large ob- 
lateness (0.096) of Saturn; the polar and equatorial 
radii are in the ratio of about 9:10. 


@ Physical Characteristics 


Saturn bears considerable resemblance to Jupiter. 
Saturn is slightly smaller (9.0R@) and less massive 
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(95Ma) than Jupiter. It has the lowest bulk density 
of any of the planets—only 680 kg/m/°, less than 
that of water! 

The atmospheric structure of Saturn also re- 
sembles that of Jupiter with its belts running par- 
allel to the equator (Figure 6—7). Disturbances in 
Saturn’s belts are much rarer than on Jupiter; oc- 
casionally large storms do occur (Figure 6-8). 

In September 1990, amateur astronomers dis- 
covered a rare outburst in Saturn’s atmosphere: a 
giant “white spot.” The HST photographed (Figure 
6-8) this turbulent storm in the Northern Hemi- 
sphere, which has thrust gas upward from lower 
layers into the higher, colder regions of the atmo- 
sphere. Such episodes have taken place at a regular 
interval in 1876, 1903, 1933, and 1960 at midsum- 
mer, when the atmosphere is heated by solar ra- 
diation. The winds in Saturn’s upper atmosphere 
blow so fast that the cloud was stretched out in a 
long band near the equator. Another, smaller storm 
broke out in late 1994. Its east-west extent was only 
about the diameter of the Earth. 

The atmosphere of Saturn probably has much 
the same composition as that of Jupiter. So far, 
methane (CH,), ammonia (NH3), ethane (C2H¢), 
phosphine (PH3), acetylene (C2H2), methylacety- 


Figure 6-8 Saturn’s atmosphere, showing a large dis- 
turbance in the atmosphere in 1990. This HST image re- 
veals a white region, a storm that grew rapidly and 
spread along the equator. (NASA) 
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lene (C3H4), propane (C3Hg), and molecular hydro- 
gen (H2) have been detected. The percentage of am- 
monia is less than that found on Jupiter; probably 
just as much exists, but at the lower temperature 
of Saturn (100 K) it has frozen and fallen out of the 
upper atmosphere as ammonia snow. Infrared 
spectroscopy has detected abundant molecular hy- 
drogen and a substantial percentage of helium. 
However, Voyager spectrometers measured only 
11% helium by mass, compared with 20% for Ju- 
piter. Some of the helium may have condensed and 
settled out toward the interior. 

The Voyager photographs show much of the 
same complexity of cloud patterns seen on Jupiter, 
with wind speeds much higher (up to 500 m/s near 
Saturn’s equator, compared to 100 m/s on Jupiter). 
The weather on Saturn can change enormously in 
a time equivalent to one week on the Earth. Large 
storm systems changed shape, but still remained 
visible—a hint that Saturn’s storms, like Jupiter’s, 
are longer-lived than Earth’s storms. 

The Voyager photographs also show that the 
upper atmospheric wind flow of Saturn is different 
from Jupiter’s. Near the equator, the winds all blow 
eastward at speeds five times those found on Ju- 
piter. At the higher latitudes, the pattern follows 
an east-west flow alternation, as found on Jupiter. 
The wind velocities for both planets fall off rapidly 
away from the equator, but Saturn’s atmospheric 
bands do not mark jet stream flows as they do on 
Jupiter. 

Saturn resembles Jupiter in another important 
respect: infrared observations show that Saturn 
emits more energy, as infrared radiation, than it 
receives from the Sun. The excess is about twice the 
energy Saturn receives from the Sun; the infrared 
blackbody temperature is about 95 K, but we ex- 
pect it to be only 82 K from the amount of incoming 
sunlight and Saturn’s albedo. The excess heat from 
Saturn is somewhat of a puzzle. For Jupiter, the 
emission can be accounted for as that left over from 
a period of gravitational contraction during its for- 
mation; a similar model for Saturn fails to account 
for the infrared excess. 

What is the source? One speculative idea uses 
helium rain to release gravitational energy. On 
earth, water condenses and raindrops fall when the 
air cools enough. The condensation releases the 
heat that previously vaporized the water. Saturn’s 
rain is made of helium droplets; as the helium rain- 
drops fall through liquid hydrogen in the interior, 


their friction produces heat. In essence, gravita- 
tional energy is converted to heat by this process, 
which must have started some 2 billion years ago 
to account for the excess seen now. About half the 
original helium would have fallen inward during 
this time, a consequence supported by the Voyager 
observations that the atmosphere of Saturn con- 
tains about half as much helium (in percentage) as 
is found in the Jovian and solar atmospheres. 

Saturn's interior (Figure 6-9) probably reflects 
Jupiter’s composition. Theoretical estimates are 
about 74% hydrogen, 24% helium, and 2% heavier 
elements. This composition is also roughly the 
same as that of the Sun. Saturn may have a small, 
rock and ice core 14,000 km in diameter with a 
mass of 20Me (25% of the total mass). Other mod- 
els have the metallic hydrogen region extending 
right to the center. The level at which hydrogen 
becomes metallic (pressure of 3 million atm) is 
much deeper in Saturn than in Jupiter because Sat- 
urn has a smaller mass and density and so the in- 
ternal pressure does not rise as fast as it does in 
Jupiter. 


Magnetic Field 


Saturn’s magnetic field has a total dipole moment 
only one 34th that of Jupiter’s, but that is still 
strong enough to generate a Jovian-type magneto- 
sphere with Earth-type radiation belts (Figure 
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Figure 6-9 Interior of Saturn. Note that the liquid me- 
tallic hydrogen zone is smaller than Jupiter's. 
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Figure 6-10 Saturn’s magnetosphere, based on the ob- 
servations of Voyager 1 as it passed through the magne- 
tosphere. The rotation and magnetic axis are lined up. 
Note the general shape resembles that of Jupiter. 
(NASA) 


6-10). The magnetic dipole moment aligns with 
Saturn's spin axis, in contrast to the clear tilt (about 
10°) of Earth’s and Jupiter’s magnetic axes. The 
cloudtop field strength is 2.1 x 10-°T. 

Saturn’s magnetosphere lacks clear structure; 
its size varies with the solar wind. At high solar 
wind pressures, the magnetosphere can shrink to a 
radius of 20Rs; at low pressures, it balloons to 
30Rs and larger. As you might expect, Saturn has 
aurorae, these were finally imaged by HST in the 
ultraviolet emission from atomic and molecular hy- 
drogen excited by the impact of charged particles 
(Figure 6-7). 


6-3 
URANUS 


Uranus (Figure 6-11) is named after the progenitor 
of the Titans and father of Saturn; it is the seventh 
planet from the Sun and the third Jovian planet. 
William Herschel discovered it in 1781; at first he 
thought it was a comet, but his observations im- 
plied a low-eccentricity elliptical—hence, plane- 
tary—orbit about the Sun. Uranus is just at the 
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Figure 6-11 
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Uranus and its major moons and rings, as viewed by HST. Each moon 


appears as three dots because this image is a composite of three exposures taken 6 min 


apart. (K. Seidelmann and NASA) 


limit of naked-eye visibility from the Earth, with 
an angular diameter at opposition of only 3.6”. 


Motions 


The orbit of Uranus has a semimajor axis of 19.182 
AU, an eccentricity of 0.0472, and an inclination of 
only 0.77° to the ecliptic; the sidereal orbital period 
is 84.013 years. Chapter 2 discussed the bizarre ro- 
tational behavior of Uranus; with its equatorial 
plane inclined 98° to its orbital plane, Uranus ro- 
tates retrograde in 17" 14™. Since the rotation axis 
lies essentially in the ecliptic plane, we observe the 
following phenomena: If we see one pole of the 
planet now, the equatorial plane will be seen edge- 
on in 21 years, and in 42 years the opposite pole 
will point toward the Earth. 


@ Physical Characteristics 


Because it is so far from the Sun, Uranus’ atmo- 
sphere must be very cold. Infrared observations 
put the blackbody temperature at 59K. In such a 
deep freeze, all the ammonia has frozen out of the 
atmosphere and cannot be detected spectroscopi- 


cally. Methane and hydrogen do appear in the 
spectrum. Helium may also have been detected, 
but this result has not been confirmed. 

Viewed through a telescope, Uranus has a dis- 
tinctive bluish-green color, which comes from sun- 
light that penetrates deep into the planet’s atmo- 
sphere; some red light is absorbed in the 
atmosphere, and much of the green is reflected 
back into space. This selective absorption and re- 
flection occur because the atmosphere’s spectrum 
is dominated by absorption banks of methane. 

The low bulk density of Uranus, 1600 kg/m?, 
implies that it contains mostly lightweight 
elements. 


Voyager Results 


The Voyager 2 flyby of Uranus in January 1986 con- 
firmed some of our ideas about this planet and pro- 
vided some new ones. The planet’s rotation rate is 
now known to be to 17" 14™ from observations of 
a magnetic field. Curiously, this field is tilted 58.6° 
to the spin axis, and the north magnetic pole is 
closest to the south geographic pole (Figure 6-12). 
(It is also offset about 0.3 radius from the center.) 
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Figure 6-12 The magnetosphere of Uranus. Note the 
large tilt (almost 60°) of the magnetic axis with respect 
to the rotation axis. Plasma of the solar wind is picked 
up by the magnetosphere to form a long tail and also 
Van Allen-type belts. 
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Figure 6-13 Interior of Uranus, 
based on bulk properties and 
Voyager results. 
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The offset of the dipole may result from a dynamo 
in the mantle rather than the core of the planet. 
The spacecraft measured high-altitude winds at 
speeds of 300 to 400 m/s and an atmospheric con- 
tent of helium of 10 to 15% (by number)—consis- 
tent with the values for Jupiter and Saturn. Reliable 
models for the interior of Uranus (and Neptune; 
Section 6-4) have been difficult to develop, espe- 
cially in light of the Voyager data. General chemical 
components make up these models: gas, which is 
hydrogen and helium in a solar abundance ratio; 
ice, a solar mix of water, methane, and ammonia; 
and rock, mainly in the form of silicon dioxide with 
iron and nickel. A large variety of mixtures of these 
will work in models, so they are not unique. Most 
(not all) result in a small rocky core with a central 
temperature around 7000 K (Figure 6-13). 
Computer-enhanced photographs showed that 
the ammonia clouds lie low in Uranus’ atmosphere 
below deep layers of haze (Figure 6-14). Images 
taken through special filters revealed a banded 
structure to the clouds; those near the equator ro- 
tated once in 17*, near the pole in 15"—a resolution 
to the ground-based rotation rate measurements of 
both periods. (Note that the differential rotation 
here is the reverse of that for Jupiter and Saturn.) 


Magnetotail 
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Figure 6-14 Voyager 2 image of the south polar region 
of Uranus. The image on the right has been computer- 
processed to bring out the structure in the upper atmo- 
sphere. (NASA) 


Charged particle detectors onboard the space- 
craft confirmed that a substantial magnetosphere 
surrounds the planet. Its presence was first sus- 
pected from synchrotron emission measured on the 
incoming flight path. Overall, the total magnetic 
field moment is about 1/400 that of Jupiter, but the 
surface field strength is about the same as Saturn’s. 
The magnetosphere contains energetic particles, 
many with energies greater than 1 MeV. As ex- 
pected from a planet with a strong magnetosphere, 
aurorae actually were observed on the dark side of 
Uranus. 


6-4 
NEPTUNE 


The last of the Jovian planets, and the eighth planet 
from the Sun, is Neptune. This near-twin of Uranus 
is named for the god of the sea. Between 1790 and 
1840, the orbit of Uranus exhibited perturbations 
from an unknown source, and the existence of a 
more distant planet was suspected. J.C. Adams (in 
1843) and U.J. Leverrier (in 1846) independently 
used Newtonian celestial mechanics to deduce the 
mass and orbit of this eighth planet from the ob- 
served perturbations on Uranus. In 1846, Johann G. 
Galle at the Berlin Observatory found Neptune 
within 1° of the predicted position! Neptune may 
have been first seen by none other than Galileo, 
however, 234 years earlier. Calculations of Nep- 
tune’s orbit show that it should have been very 


close to Jupiter in January 1613. Galileo’s journals 
have entries showing that he observed an object in 
the vicinity of Jupiter near Neptune’s predicted po- 
sition on both December 27, 1612, and January 28, 
1613, when he detected a small motion of Neptune 
with respect to a nearby star. Inexplicably, Galileo 
never followed up on this discovery and so failed 
to recognize the object as a new planet. 


Motions 


Neptune moves around its low-eccentricity 
(0.0086), low-inclination (1.77°) orbit with a semi- 
major axis of 30.06 AU in a sidereal period of 
164.79 years. Since its discovery, Neptune has tra- 
versed only three-quarters of its orbit. Its average 
distance from the Sun is less than Pluto’s, but Pluto 
has such an eccentric orbit that it can—and has— 
come within Neptune’s orbit. That occurred in Jan- 
uary 1979, and until March 1999, Neptune will be 
the outermost planet in the Solar System! 
Neptune’s rotation period has been hard to pin 
down. Ground-based images in the near infrared 
showed atmospheric features that rotate in 17° 
50™, in good agreement with infrared photometry 
of rotation variations with a period of 17° 43™. Voy- 
ager 2 found the body rotation rate of 16.1 hours. 


@ Physical Characteristics 


In many ways, Neptune is the twin of Uranus. Like 
Uranus, Neptune has a light green color from se- 
lective methane absorption. The upper atmosphere 
displays faint cloud bands. This cold atmosphere 
(+74 K) probably contains water ice and ammonia 
ice mixed with gaseous methane, hydrogen, and 
helium. 

The internal structure of Neptune probably re- 
sembles closely that of Uranus because the bulk 
densities and masses are similar. Infrared obser- 
vations show that Neptune’s temperature is about 
59 K; the expected blackbody value is 43 K if Nep- 
tune were heated only by the Sun. So Neptune, un- 
like Uranus, has internal heat. 


Concept Applicatio 
Planetary Temperatures 


Let’s see how the expected blackbody equilibrium 
temperature of Neptune compares to its measured 


temperatures. Apply Equation 2-5a, with the al- 
bedo of Neptune equal to 0.51 (Appendix 3): 


i S27 Aye Ey 
so that 


Ty = 279(1 — 0.51)'4(30.1)-1/2 
279(0.84)(0.182) = 43K 


The actual value (measured in the infrared) is 
about 59 K. 

Let’s compare the blackbody energy fluxes for 
these two temperatures: 


Eactual/Etheory = (Taesest/ Teresi) 
= (59/43)4 = (14)? = 3.8 


So the actual flux is about 380% larger than the 
calculated one! This difference implies that Nep- 
tune has a source of internal heat. 


Voyager at Neptune 


In August 1989, Voyager 2 skirted a mere 5000 km 
above Neptune’s clouds—a fitting flourish to end 
its 12-year mission of discovery. Voyager revealed 
a Neptune that enlarged the strange realm of the 
Jovian worlds, in which planets, rings, and moons 
make up a complex part of the Solar System. 

Months before the closest encounter, Voyager 
began imaging conspicuous markings in the upper 
atmosphere of Neptune. The most striking became 
known as the Great Dark Spot (Figure 6-15), which 
is a storm some 30,000 km across, rotating counter- 
clockwise in a few days. A region of high pressure, 
the Dark Spot lacks the typical atmospheric meth- 
ane; here, we are looking into Neptune’s atmo- 
sphere. Bright, cirrus-like clouds accompany the 
Dark Spot (which is actually bluish in color) and 
also appear in some other latitude bands. Most of 
these clouds change size or shape from one rotation 
to the next. Believed to be condensed methane, the 
clouds lie about 50 km above the general cloud 
layer (Figure 6-15), which consist of hydrogen sul- 
fide. Compared to that on bland Uranus, the at- 
mospheric activity seen on Neptune came as a sur- 
prise. It is likely driven by the outflow of 
Neptune’s internal heat. In general, the atmosphere 
contains molecular hydrogen and helium. 

Voyager picked up radio signals from Nep- 
tune’s magnetosphere. Tracking these signals gave 
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Figure 6-15 Voyager 2 image of Neptune’s Great Dark 
Spot. Note the white, high-altitude clouds nearby. 
(NASA) 


an accurate measure of the rotation period: 16" 3™. 
A surprise was the discovery that the magnetic axis 
is tilted about 46.8° from Neptune’s axis of rotation, 
almost as much as the 58.6° tilt of Uranus’ magnetic 
axis. The reason for these large tilts is not yet 
known. The magnetic field strength is about one- 
fifth that of the earth’s. The dipole is offset about 
0.55 Neptune’s radius. 


PLUTO AND CHARON 


Pluto, the ninth planet from the Sun (sometimes!), 
is named after the god of the underworld (Hades). 
From the Earth, Pluto presents only a faint stellar 
image at the telescope; from Pluto, the rest of the 
Solar System is distant and close to the Sun, which 
appears only as a very bright star in the sky. 
After the discovery of Neptune, small unex- 
plained perturbations appeared in the orbit of Ura- 
nus. Because the predicted position of a ninth 
planet that would cause these perturbations was 
very uncertain, initial attempts to find the planet 
were unsuccessful. It was not until March 1930 that 
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Clyde W. Tombaugh found Pluto near a position 
predicted by Percival Lowell. Today we know that 
this discovery was a fluke because Pluto’s low 
mass could not have caused the apparent pertur- 
bations of Uranus. (Pluto is in this chapter mostly 
because of its proximity to the Jovian planets. Pluto 
is much smaller than the Jovian planets, but it has 
a somewhat similar density.) 

Pluto’s average distance from the Sun is 39.44 
AU. Because it has a highly eccentric orbit (e = 
0.25), it ranges from 29.7 to 49.3 AU from the Sun 
and so is never closer to the Earth than 28.7 AU at 
opposition. Because of its great distance and small 
diameter, Pluto presents a difficult object to ob- 
serve well, and attempts to measure its diameter 
have been frustrating. Infrared spectral observa- 
tions show that methane ice coats some of Pluto’s 
surface. The methane ice there means that the sur- 
face temperature is no more than 40 K. 

Observations of Pluto’s brightmess have re- 
vealed cyclic variation every 6.4 days. It is the only 
evidence of rotation, and 6.4 days is generally ac- 
cepted as Pluto’s rotation period. Pluto’s axis of ro- 
tation lies close to the ecliptic, like that of Uranus. 

On September 5, 1989, Pluto reached perihelion 
in its orbit. A little more than a year earlier, on June 
9, 1988, Pluto passed in front of a star as observed 
in Australia. Coordinated observations from this 


Figure 6-16 Pluto and Charon, discovery image. The 
two bodies are so close together that their images are 
merged; Charon is a bump (arrow) off Pluto. (J. Christy, 
U.S. Naval Observatory) 
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Figure 6-17 Pluto and Charon eclipses. Charon’s orbit 
around Pluto as viewed from the Earth created mutual 
eclipses every 3.2 days from 1985 until 1991. These 
events allow us to measure the sizes and also see varia- 


tions in surface brightnesses on both bodies. These com- 
puter-generated images show an eclipse sequence and 
surface features. (K. Horne, M. Buie, and D. Tholen) 


region confirmed that Pluto has an atmosphere, 
which stretches over 600 km from the planet’s sur- 
face. This atmosphere probably consists of methane 
gas (with a surface pressure of a mere 1078 atm or 
so) that has been released from the ice on the sur- 
face as the planet is heated by its closest approach 
to the Sun in 248 years. 

In June 1978, James Christy of the U.S. Naval 
Observatory in Flagstaff, Arizona, noticed what ap- 
peared to be a bump on Pluto’s image in a photo- 
graph (Figure 6-16). Checking older photographs, 
Christy found more showing the same bump, al- 
ways oriented approximately north-south. He pro- 


posed that the bump was the faint image of Pluto’s 
moon partially merged with the image of the 
planet. Christy named this moon Charon, after the 
mythological boatman who ferried souls across the 
river Styx to the underworld god Pluto. 

A few years after this discovery, Pluto and 
Charon came into an orientation so that they 
eclipsed each other as seen from Earth. Such align- 
ments occur only twice each 248 years. These 
eclipses (Figure 6-17) indicated that Pluto has a di- 
ameter of 2240km; Charon has a diameter of 
roughly 1120 km, about half the size of Pluto. The 
observations of Charon show a revolution period 
of 6.4 days (the same as Pluto’s rotation period, so 
it is in synchronous rotation) at a distance of 19,600 
km from Pluto. That the revolution period of 
Charon is the same as Pluto’s rotation indicates 
that the two bodies are tidally locked. 

Knowing the orbital properties of the Pluto- 
Charon system, we can find Pluto’s mass by Kep- 
ler’s third law. The orbital period is 6.4 days. The 
separation is 19,600 km. Let’s compare the Earth-— 
Moon system with the Pluto—Charon system. For 
the Earth and Moon, 


Me + Mu = (477/G)(aeM/Pem?) 
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and for Pluto and Charon, 
Mp + Mc = (4177/G)(apc/P pc?) 
Divide the second equation by the first to get 
(Mp + Mc)/(Me + Mm) = (apc/aem)?(Pem/Prc)* 


Assume that the masses of the moons are much 
smaller than those of their parent planets to ap- 
proximate Mp + Muy by Me and Mp + Mc by 
Mp. Then 


Mp/Mg = [(1.96 X 104km)/(3.8 X 105km)P 


x [(27.3 days)/(64 days)? 
= (14 X 1074)(18.2) = 2.5 x 1073 


The Earth has a mass of 6 X 1024 kg, and so 


Mp = (6.0 X 1074kg)(2.5 x 107%) 
=15 * 10% kg 


We note that using Kepler’s third law with the 
usual approximation does not give an accurate 
value for Pluto’s mass because Charon has a mass 
about 10% that of Pluto. We find this mass ratio 
from observations of the center of mass of the 
Pluto-Charon system; Kepler’s third law provides 
only the sum of the masses. 


Figure 6-18 Computer-enhanced images of the two hemispheres of Pluto; north is at 
top. Based on HST images, this map of the disk shows albedo variations of the surface. 
(A. Stern, M. Buie, and NASA) 
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Hubble Space Telescope observations of Pluto in 
1994 taken over a 6.4-day rotation period show al- 
most the entire surface (Figure 6-18). The actual 
angular diameter of the planet is only some 0.1 arc- 
sec; special image-processing techniques enhanced 
the details of albedo variations. The surface fea- 
tures are likely produced by a complex distribution 
of frosts that migrate along the surface as the sea- 
sons slowly change. 

Together, Pluto and Charon have an average 
density of some 2100 kg/m°. Pluto may contain 
as much as 75% rocky material. Its internal struc- 
ture (Figure 6-19) may have a mantle a few hun- 
dreds of kilometers thick of water; below that, a 
core of partially hydrated rock. This contrasts to 
the mostly water compositions of the Jovian moons 
(Chapter 7). One plausible formation scenario is 
that Pluto formed as a natural large body of the 
outer Solar System and then suffered a giant im- 
pact (such as that which may have formed Mer- 
cury, Section 5-1.) If carbon was in the form of CO, 
the natural condensation of solar-type materials 
at this distance from the Sun results in about 
70% rock and 30% ice, close to the range of the 
best current interior models. A slow (2-3 km/s), 
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Surface Methane Ice (+ CO, CO,?) 


~0.14-0.21 


GPa 210-320 km 


~11-14GPa ~ 1120km 


Figure 6-19 Interior structure of Pluto today, as in- 
ferred from its bulk density and size and assumed equa- 


tions of state of the materials. (Based on a model by W.B. 
McKinnon and S. Mueller) 


oblique collision would then retain most of the de- 
bris locally and reform as a binary system. Some 
icy material was lost, but not enough to change 
Pluto’s overall composition. 


| Key Equations & Concepts | Equations & Concepts 


Synchrotron emission 


fmax ~ (48 X 10-4)E2Bsina (MHz) 


Cyclotron frequency (for electrons) 


fe = Be/2nm, ~ (28 X 10*)B (MHz) 


x= vy @ ;«©. 


1. Determine the orbital periods of particles at the inner 
and outer edges of Saturn’s rings. At what distance 
from the center of Saturn will a particle orbit the 
planet in 10" 14™? Show that the inner particles of 
the rings rise in the west and set in the east of Sat- 
urn’s sky and the outer particles rise in the east and 
set in the west. Is this result paradoxical? Explain. 


2. Show how the orbits of Uranus’ moons appear from 
the Earth over a period of 100 years. 


3. Show that the moons of Neptune obey Kepler’s third 
(harmonic) law and deduce the mass of Neptune. 
(Hint: Use appropriate units or ratios.) 


4. If Pluto’s radius is 1120 km, what must its mass be 
to give the planet the same density as an icy moon 
of Saturn? 


5. Jupiter has a strong magnetic field, about 10-5 T ata 
distance of 25 X 102km from the surface (Pioneer 


11). Estimate the size of Jupiter’s magnetosphere and 
compare it with that of the Earth. Assume that the 
field is a dipole and that the solar wind pressure falls 
off as 1/R* with distance R from the Sun. (Hint: Mag- 
netic field pressure is proportional to the square of 
field intensity.) 


. Infrared observations indicate that Saturn gives off 
2.8 times the energy it receives from the Sun for a 
total internal power loss of 2 X 1017 W. Assume that 
gravitational contraction releases this thermal en- 
ergy. How much must Saturn shrink per year to ac- 
count for this output? 


. Assume that Saturn’s internal heat is left over from 
primordial contraction. Calculate the maximum bulk 
thermal conductivity the planet would need to retain 
enough of its internal energy to account for its pres- 
ent luminosity. Theoretical calculations indicate that 
Saturn’s maximum luminosity was about 107° W 45 
billion years ago. The thermal conductivity « is the 
flow of heat energy per unit time per unit area per 
unit temperature gradient (units: J/s - m - K), so 


« = —H/A(AT/Ax) 


where H is the flow of heat energy (J/s), AT/Ax is 
the temperature gradient (K/m), and A is the surface 
area (m?). Why does this model fail to explain Sat- 
urn’s heat excess? 


. Spectroscopic observations suggest that Pluto is cov- 
ered with icy frost and thus has a high albedo (0.5). 
The brightness of Pluto at opposition (38 AU from 
the Earth) is 2 x 107!” as bright as the Sun (1 AU 
from the Earth). From these two observations, cal- 
culate a radius of Pluto. 


. Imagine that you are viewing an eclipse of Charon 

by Pluto. , 

(a) How could you use your observations to infer a 
diameter for Pluto? 

(b) By what percentage would the total brightness of 
the system dim at mideclipse? 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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Estimate the lifetime of methane in the atmospheres 
of Jupiter and Uranus. 


Use the equation of hydrostatic equilibrium to com- 
pare the central pressures of Saturn and Uranus. 


Calculate the central pressure of Pluto and compare 
it to the central pressures of Jupiter, our Moon, and 
the Earth. 


Calculate the relative Doppler shift from the ap- 
proaching and receding edges of Jupiter due to plan- 
etary rotation for a spectral line at rest wavelength 
Ag = 500 nm. 


(a) At what distance from Jupiter’s surface is its 
magnetic field strength equal to the Earth’s sur- 
face field strength? Assume both planets have di- 
pole magnetic fields and consider field strengths 
at the equator. 

(b) Assuming ideal dipole behavior (even in Jupiter’s 
interior) what would be the magnetic field 
strength at one Earth radius from Jupiter’s cen- 
ter? (Note: The ideal dipole assumption would 
not really be valid at this point because it is in- 
side the metallic hydrogen layer that generates 
Jupiter’s magnetic field. But use it anyway.) 


Qualitatively compare the characteristics (size, tem- 
perature, rotation, meteorological characteristics) of 
Jupiter’s Great Red Spot with Neptune’s Great Dark 
Spot. 


Compare the magnitude of the tidal forces of Jupiter 
on Io to that of Saturn on Titan. Comment on your 
conclusion. 


Estimate the location of the center of mass of the 
Pluto—Charon system. 


Estimate the frequency of the peak of the synchrotron 
emission spectrum from Uranus. Take a typical elec- 
tron energy as 1 MeV. 


Small Bodies and 
the Origin of the 
Solar System 


he previous four chapters put forth our current 

understanding of the planets. We have focused 
on the evolution of these large bodies of the Solar 
System but so far have only hinted at their for- 
mation. Key clues to the origin of the Solar System 
are locked in its small bodies: moons, rings, aster- 
oids, meteoroids, comets, and interplanetary dust. 
This chapter treats the properties of this interplan- 
etary debris and connects it to a contemporary 
model of the Solar System’s formation, which took 
place 4.6 billion years ago. 


7-1 
MOONS AND RINGS 


Only three moons orbit all the terrestrial planets 
(our Moon and Deimos and Phobos of Mars). In 
contrast, the Jovian planets carry at least 57 moons 
as well as many rings, which contain a multitude 
of tiny moons. This section examines these objects, 
which range from small rocks to planetary-sized 
bodies. 


The Moons of Mars 


Two moons encircle the planet Mars; they are 
named Phobos and Deimos ("fear” and “panic”) 
after the mythological companions of the god 
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Mars. Asaph Hall (1829-1907) at the U.S. Naval 
Observatory discovered the two moons in 1877. 
They lie close to Mars and orbit the planet rapidly 
(Figure 7-1). Deimos, the outer moon, circles Mars 
in 30.3"; Phobos, the inner moon, takes a mere 
7.67". In fact, Phobos is one of a few moons (in- 
cluding Jupiter’s innermost satellites, Metis and 
Andrastea, discovered by Voyager) that orbit their 
parent planets faster than the planets spin. So Pho- 
bos rises in the west and sets in the east as seen 
from the Martian surface! Like the Earth’s Moon, 


Orbit of Deimos 
Period = 30418" 


Orbit of Phobos 
Period = 7439m 


i. 


Center of Mars 


Figure 7-1 Orbits of Deimos and Phobos relative to 
Mars. 


Figure 7-2 Phobos. The 
areas outlined in the upper 
photo are shown in more de- 
tail in the lower ones. These 
close-up photographs show 
craters as small as 10 m in di- 
ameter. Their flat bottoms in- 
dicate a surface soil hundreds 
of meters deep. (NASA) 
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the Martian moons keep the same face to the planet 
in synchronous rotation. 

Deimos and Phobos have ellipsoidal shapes 
with three axes. Phobos, the larger, has axes about 
27, 21, and 19 km long; Deimos’ axes are only 15, 
12, and 11 km. Phobos (Figure 7-2) and Deimos 
have heavily cratered surfaces. The sizes and num- 
bers of these craters indicate that the surfaces of 
these satellites are at least 4 billion years old and 
have been modified little since the cratering. 

What is the origin of these miniature moons? 
One hint comes from the overall albedos: 0.022 for 
Deimos and 0.018 for Phobos in the visual. These 
dark surfaces resemble a certain class of meteorite 
(carbonaceous chondrites, Section 7-4) and aster- 
oids (such as Ceres, Section 7-2). Also, recall that 
Mars is the closest of the terrestrial planets to the 
asteroid belt (the average distance between Mars 
and the asteroids is 1.3 AU). Hence, Mars may have 
captured both moons from high-eccentricity aster- 
oids that passed close by. Theoretical calculations 
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FTABLE 7-1] Properties of the Galilean Satellites 


Diameter Distance Orbital Period 
Name (km) (km) (days) 
Io 3632 4.22 x 10° 1.77 
Europa 3138 6.71 x 105 3.55 
Ganymede 5262 1.07 x 106 7.16 
Callisto 4800 1.883 x 10° 16.69 


Bulk Density Mass 


(kg/m?) (Moon = 1) 
3530 1.21 
3030 0.66 
1930 2.03 
1790 1.45 


indicate that such captures are possible. You will 
see that Jupiter has a set of captured asteroidal 
moons. 


@ The Moons and Rings of Jupiter 


Jupiter possesses an entourage of at least 16 moons, 
the brightest and largest of which were first dis- 
covered with a telescope by Galileo. These Galilean 
moons (Table 7-1) have orbits that lie within 3° of 
Jupiter’s equatorial plane, close to our line of sight, 
in the following order: Io, Europa, Ganymede, and 
Callisto (Figure 7-3). Each rotates synchronously. 

Their bulk densities are: Io, 3500 kg/ m?; Eu- 
ropa, 3000 kg/m°; Ganymede, 1900 kg/m3; and 


Figure 7-3 The Galilean moons of Jupiter in their cor- 
rect relative sizes: Io (top left), Europa (top right), Gany- 
mede (bottom left), and Callisto (bottom right). (NASA) 


Callisto, 1800 kg/m. Note the pattern; density de- 
creases with increasing distance from Jupiter. Such 
density differences show that the compositions of 
Io and Europa are mostly rock, with perhaps a little 
icy material. In contrast, Ganymede and Callisto 
must contain substantial amounts of water ice or 
other low-density icy materials and proportionally 
much less rocky material. 


lo 


Io has a thin atmosphere, with a surface pressure 
of about 107!° atm. Io’s atmosphere gives off a yel- 
low glow from emission by sodium atoms, which 
surround Io out to a distance of about 30,000 km. 
A giant plasma torus extends along Io’s orbit, form- 
ing a ring six times the size of Jupiter. 

Volcanic eruptions produce Io’s sodium cloud. 
Io has at least 11 active volcanoes; in fact, it is the 
most volcanically active body in the Solar System, 
which implies that the interior is now hot. The vol- 
canoes eject plumes of gas and dust to heights of 
250 km at velocities of up to 1000 m/s. (In contrast, 
the Earth’s large volcanoes spit out material at 
about 50 m/s.) On a nearly airless body like Io, the 
volcanic gas and dust crest like a fountain plume 
in several minutes and then spread and fall in a 
dome shape (Figure 7—4A). 

Io’s volcanoes are not shields or cones like 
those commonly found on the terrestrial planets. 
Instead, they resemble collapsed volcanic craters 
from which lava simply pours from a crater vent 
and spreads outward for hundreds of kilometers 
(Figure 7-4B). Multicolored lava lakes surround 
many of Io’s volcanoes; the temperatures in these 
lava lakes are about 330 K. The red, black, yellow, 
orange, and white coloration comes from sulfur 
and sulfur compounds. 
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(A) 


(B) 


Figure 7-4 lo. (A) Volcanic eruption on Io. The volcano Pele, with its plume above the 
limb of Io, is the black fissure in a complex of hills. (B) A high-resolution image by Galileo 
of volcanic landforms on Io. The smallest visible features are 2.5 km in size. The dark lava 
flow in upper left resembles mare lava floods on the Moon. (NASA) 
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No impact craters appear on Io; volcanic flows 
have covered them up. Its surface is the youngest 
in the Solar System, probably less than 1 million 
years old. 


Europa 


The surface features of Europa consist of bright 
areas of water ice among darker orange-brown 
areas. Europa’s surface is criss-crossed by stripes 
and bands that are filled fractures in the icy crust, 
making it look like a cracked eggshell (Figure 7-5). 
Some of these cracks extend for thousands of ki- 
lometers, splitting to widths of 50 to 200 km but 
reaching depths of only 100 m or so. Europa’s sur- 
face is almost devoid of impact craters and so can- 
not be a primitive one. The crust must have been 
warm and soft sometime after formation to wipe 
out evidence of the early, intense bombardment. 

Europa’s cracked surface indicates that its 
solid, icy crust is thin and its interior hot and pri- 
marily molten. One model proposes that its crust 
long ago may have been a slush kept partially 
melted by a hot interior. As Europa cooled, its crust 
turned to smooth, glassy ice that later cracked. 

Europa had a surprise for astronomers: The 
high-resolution spectrometer of HST detected a 
molecular oxygen atmosphere! It is so thin that the 
surface pressure is a mere 1071! atm. The gas ap- 
pears to be generated from water ice on the surface; 
ultraviolet sunlight and energetic particles vaporize 
the water and dissociate it into molecular hydrogen 
and oxygen. The low-mass hydrogen escapes 
quickly to space; the oxygen, more slowly. The 
equilibrium between production and loss sustains 
the sparse atmosphere. Images from Galileo show 
ice rafts, kilometers across, that resemble pack-ice 
on polar seas on the Earth. These formations imply 
subsurface liquid water. 


F concept Appicalion | 


Europa and Atmospheric Escape 


The surface temperature of Europa reaches about 
125 K at noon. What is the lifetime for molecular 
hydrogen and oxygen? 

Recalling Section 2-1(D), we must compare the 
escape speed from Europa to the root-mean-square 
speed of the atmospheric gases. For the escape 
speed, 


Ue = (2GM/R)¥/ 
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Let’s compare Europa’s escape speed to that of our 
Moon, which is 2.4 km/s. Then 


Ve = 2.4(M/R)!/2 


where M and R are in lunar units. For Europa 
(Table 7-1), M = 0.66 and R = 0.90, so 


Ve = 2.4(0.66/0.90)'/? = 2.4(0.86) = 21 km/s 
For the root-mean-square speed, 
Urms — (22 = (3kT/m)\/2 


For molecular hydrogen, m = 2(1.67 X 10°? kg) = 
3.34 X 10°” kg, and 


_ [ass x 10-3 3/K\125 K) |” 
pene (3.34 X 1077) 


= [(4.75 x 1021)/(3.34 x 10-27)]!/2 
= 1.19 x 10° m/s ~ 1.2km/s 
For molecular oxygen, the mass is eight times that 
for hydrogen, so the v;ms is the square root of 8, or 
2.8 times slower, SO Urms = 0.42 km/s. 
The ratios are 
Ve/Urms (H2) = 18 
Ve/Urms (O2) =D 


The hydrogen has a lifetime of a few days; that of 
oxygen is a few hundred million years. 


Ganymede 


The largest moon of Jupiter, Ganymede, has a sur- 
face that looks vaguely like our Moon’s, with dark, 
maria-like regions. It also has huge fault lines along 
its surface, as Europa does. 

Ganymede has two basic types of terrain (Fig- 
ure 7-6): cratered and grooved. Craters up to 150 
km in diameter densely mark the cratered terrain, 
which is some 4 billion years old. Compared with 
those on the Moon and Mercury, the craters are 
shallow for their size, and some have convex rather 
than concave floors. Many craters on Ganymede 
have very bright rays extending from them, attest- 
ing to their formation by impacts on an icy surface. 

No large mountainous regions or large basins 
exist on Ganymede; nowhere does any relief 
amount to more than about 1 km. This suggests 
that the crust is somewhat plastic, probably be- 
cause a large fraction of it is water ice. Ganymede’s 
bulk density implies that its interior contains about 
half water and half rock. Occasional stresses on the 
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Figure 7-5 Europa’s surface. (A) This close-up Galileo view shows an area 80 by 100 
km. The ridges and faults on the icy surface show it has been disrupted many times in 
the past. (B) Galileo’s high-resolution image shows features as small as 20 m. The double 
ridge is about 2.6 km wide. It shows that the crust has been modified by intense faulting. 
(NASA) 
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water-rock crust have created the fracture pattern. 
Some ridges and grooves overlie others, an indi- 
cation that there have been many episodes of 
crustal deformation. 

The Galileo spacecraft has returned startling in- 
formation about Ganymede. First, the moon has a 
magnetosphere, which may be generated by a liq- 
uid, metallic core or a layer of conducting, salty 
water below the crust. Next, the surface has an- 
cient, cratered ice fields (Figure 7-7) adjacent to or 
overlain by younger ice volcanic plains, ridged ice 
mountains, deep furrows, and broad basins that 


seem to result from tectonic forces. About half of — 


the ancient terrain appears to have been resurfaced 
by volcanic and tectonic activity. 


Callisto 


Farthest out of the Galilean moons, Callisto (Figure 
7-8A) has a surface riddled with craters of a wide 
range of sizes. Some have bright ice rays; others 
are filled with ice. Callisto’s craters are shallow, 
less than several hundred meters deep, because the 
surface is a mixture of ice and rock. The surface 
slowly flows, flattening out any relief. 
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Figure 7-6 Ganymede’s sur- 
face. This image shows fea- 
tures as small as 5km. Note 
the fresh impact craters with 
bright rays. The dark regions 
are the oldest part of the sur- 
face. (NASA) 


Callisto has eight multiringed basins; the larg- 
est are Valhalla and Asgard (Figure 7-8A). Valhalla’s 
central floor is 600 km in diameter, and it is sur- 
rounded by 20 to 30 mountainous rings having di- 
ameters up to 4000 km. The rings look like a series 
of frozen waves formed in a stupendous collision 
that melted subsurface ice, causing the water to 
spread in waves that quickly froze in the 100-K sur- 
face temperature. The ripple marks are preserved 
as rings: frozen blast waves. The central floor of 
Valhalla has fewer craters than the rest of the terrain 
(Figure 7-8B). This difference indicates that the im- 
pact forming the rings occurred after much of the 
surface cratering, probably 4 billion years ago. 


Asteroidal Moons 


Jupiter’s other moons are asteroid-like bodies, and 
we expect that they are indeed captured asteroids. 
(Recall that Jupiter lies just outside the asteroid 
belt.) There are two groups of four moons each, one 
group at a distance of about 12 x 10°km that or- 
bits counterclockwise (direct) and another at about 
23 X 10°km that orbits clockwise (retrograde). 
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Figure 7-7 Close-up view of icy terrain on the surface of Ganymede, as imaged by 
Galileo. This image has been processed to give a three-dimensional effect. (NASA) 


These bodies are small (10 to 200 km in diameter) 
and appear to have rocky surfaces. 


Rings 
Voyager 1 discovered Jupiter’s ring system. The 
rings are so thin (less than 30 km thick) that they 
are essentially transparent. They are most visible 
when viewed edge-on; then the particles scatter 
light well, which implies that the particles must be 
small, about 3 wm in diameter. We do not yet know 
what they are made of, but on the basis of their 
infrared properties, they are likely a rocky material. 
Dramatic pictures of the backlit rings (Figure 
7-9) show them to have a definite structure. The 
outermost, brightest part is 800 km wide and lies 
about 128,500 km from Jupiter’s center. Within it is 
a broader ring 6000 km wide, and within that ring 
lies a faint sheet of material that extends from 
119,000 km out from Jupiter’s center down to the 
cloud tops. The main ring extends from 1.72R, to 
1.81Rj, which places the entire ring system well in- 


side the Roche limit (Equation 3-9) for a fluid 
moon. 


The Moons and Rings of Saturn 


Saturn’s band of moons totals at least 19. With two 
exceptions (Phoebe and Iapetus), all the moons 
stick close to Saturn’s equatorial plane. Masses for 
some of the moons were determined from their 
gravitational attraction on spacecraft. The densities 
range from 1200 kg/m? for Tethys to 1400 kg/m? 
for Dione, similar to the densities of the outer Gal- 
ilean moons of Jupiter. 

The moons of Saturn fall into three groups: Ti- 
tan by itself, the six large, icy moons (Mimas, En- 
celadus, Tethys, Dione, Rhea, and Iapetus, in order 
outward from Saturn), and the ten small moons 
(Phoebe, Hyperion, and the rest). Overall, their 
densities are less than 2000 kg/m?, which implies 
that they are mostly ice (60 to 70%) with some rock 
(30 to 40%). In contrast to the Galilean moons, no 
trend of densities follows with the distance from 
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(B) 


Figure 7-8 Callisto’s surface. (A) The large impact basin, called Asgard, is about 
1600 km across. Note the fresh impact craters on the dark, icy surface. (B) A Galileo high- 
resolution image of Valhalla shows features as small as 160 m. The ridge near the top is 
the rim of two coalesced craters in a crater chain. (NASA) 


Figure 7-9 Jupiter’s rings. This backlit view shows that 
the outer edge of the rings is thicker than the inner edge 
and that there is a sheet of particles between the two. 
(NASA) 


Saturn. Like Jupiter’s moons, all of Saturn’s moons 
except one (Phoebe) orbit in synchronous rotation. 

Most of the moons are cratered. Some cratered 
terrain has been modified on the larger moons, 
which implies internal heating to melt parts of the 
icy surfaces. In contrast, the small moons, which 
are also cratered, show no changes—they still have 
their original surfaces. Note that the craters here 
imply that intense bombardment 4 billion years 
ago took place throughout the Solar System. 


Titan 


Titan, the largest moon, has a mass of 1.37 X 
1025 kg and a radius of 2575 km. Its density is 1900 
kg/m3, which implies a composition of half ice and 
half rock. Titan was the first moon found to have 
an atmosphere, which consists mostly of nitrogen 
(99%) with about 1% methane. Several other hy- 
drocarbons have also been detected, including eth- 
ane, acetylene, ethylene, and hydrogen cyanide. 
The atmosphere’s surface pressure is about 1.5 atm; 
the surface temperature is roughly 94 K. 

Color photographs show a stratospheric layer 
of orange smog that varies to a blue color along 
Titan’s edge. This variation indicates that the at- 
mosphere varies in composition. No surface fea- 
tures were seen (Figure 7-10A). Voyager’s pressure 
and temperature data, along with the spectroscopic 
detections of nitrogen and hydrocarbons, have led 
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to models of a surface covered with a frigid ocean 
of nitrogen, methane, and ethane up to 1 km deep. 


Other Moons 


After Titan, Saturn’s four largest moons are Iape- 
tus, Rhea, Dione, and Tethys, with diameters rang- 
ing from 1020 to 1530 km. They appear heavily cra- 
tered (Figure 7-10B). In a few cases, wispy white 
streaks form rayed patterns around impact craters. 
These streaks are probably deposits of frozen ice. 
Iapetus (Figure 7-10C) has the most extremes of 
surface cover. The hemisphere leading in its orbit 
is only one 15th as bright as that following. The 
leading surface seems covered with dark debris 
picked up during its journey around the planet. 
Only Enceladus does not have a surface thick with 
craters, a sure sign that this satellite has suffered 
large-scale modification of the surface. 

The rest of the moons are all small bodies, a 
few hundred kilometers or less in diameter. 

When the rings were tilted edge-on to Earth, 
HST was able to capture images of suspected sat- 
ellites (Figure 7-11). Two appear to have orbits in- 
side the F-ring similar to those of Atlas and Pro- 
metheus; one lies just outside the ring, and the 
other lies some 6000 km beyond it. None of these 
bodies are larger than 70 km across. These discov- 
eries have yet to be confirmed. 


Ring System 
Saturn’s rings lie in the planet’s equatorial plane 
and therefore are tipped about 26° to the orbital 
plane; because of their tilt, they change their ap- 
pearance as viewed from the Earth during the 
course of Saturn’s revolution about the Sun. The 
near disappearances of the edge-on rings indicate 
that they are very thin, no more than a few kilo- 
meters thick. Although thin, the rings are wide; the 
three main rings visible from the Earth reach from 
71,000 to 140,000 km from Saturn’s center (Figure 
7-12). The largest gap is known as Cassini's division. 
Although the A ring is relatively smooth, the B 
and C rings break up into numerous small ringlets 
(Figure 7-13). Many hundreds, perhaps a thou- 
sand, light and dark ringlets surround the planet, 
with widths as small as 2 km, the best resolution 
of the Voyager cameras. Some (in the C ring) appear 
elliptical rather than circular. Even the Cassini di- 
vision, apparently empty as seen from Earth, was 
found to be filled with at least 20 ringlets. 
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(A) 


(B) 


Dark, spoke-like features occur in the B ring 
(Figure 7-14). Typically, the spokes are about 
10,000 km long and 1000 km wide. They consist of 
very small particles, much smaller than the average 
particle in the rings. Because the inner particles or- 
bit faster than the outer ones, the spokes last only 
a few hours. They may be small, darker particles 
with electric charges lifted out of the main ring 
plane by Saturn’s magnetic field. Note that these 
spokes do not obey Kepler’s laws, because different 
orbital periods would break up the spokes in one 
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(©) 
Figure 7-10 Some of the larger moons of Saturn. (A) 
Titan, showing its hazy atmosphere. (B) Dione, showing 
its icy, cratered surface. (C) Iapetus, showing a black 
layer on one side covering its icy crust. (NASA) 


or two revolutions. Hence, the particles producing 
the spokes cannot be attached to the ring particles. 

Pioneer 11 discovered a new ring out beyond 
the previously known ones. Called the F ring, it lies 
3500 km outside the edge of the rings visible from 
the Earth. The F ring appears to be 320 km wide 
and a mere 3 to 4 km thick. Voyager 1 photographs 
resolve this ring into a complex system of knots 


Figure 7-11 New moon of Saturn? These HST images, 
taken in 1996 when the rings appeared edge-on, show a 
possible new moon in the ring plane. (NASA) 
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Figure 7-12 Saturn’s rings. These diagrams show the ring system and some orbits of 
selected satellites as viewed from above Saturn’s north pole. Size units are Saturn radii 
(Rs). Note the change in scale from the left to the right side of the figure. 


and a braided structure of at least three strands; 
Voyager 2 photographs taken nine months later 
show that the braiding had disappeared. Appar- 
ently, the braiding was a dynamically unstable sit- 
uation. Another such very narrow ring (the G ring) 
is 10,000 km farther out. Two other extremely faint 
rings are known. The E ring extends out beyond 
the F ring to at least 6.5 Saturn radii (400,000 km). 
A ring inside the C ring, called the D ring, extends 
at least halfway to the surface of Saturn. 

The gravitational effects of the satellite just out- 
side the A ring (Atlas) and the two that straddle 
the F ring (Prometheus and Pandora) play impor- 
tant roles in the dynamics of the rings. The F-ring 
moons, in particular, are called the shepherd sat- 
ellites because they keep the ring particles in a nar- 
row range of orbits. The inner moon accelerates the 
inner ring particles as it passes them (as expected 
from Kepler’s third law, it has a shorter orbital pe- 
riod). They spiral outward to larger orbits just as 
the tidal force of the Earth on the Moon forces the 
Moon into a larger orbit [Section 3-4(B)]. In a phys- 


ically similar way, the slower-moving outer moon 
decelerates outer-ring particles as they pass by, so 
that they spiral inward. The balance of these inter- 
actions constrains the particles’ motions and pre- 
serves the narrowness of the F ring. Likewise, the 
A-ring shepherd causes the sharp outer edge of the 
A ring. 

The rotation rate of the rings varies according 
to Doppler-shift data. The velocities range from 16 
km/s at the outer boundary of the A ring to 20 
km/s at the inner boundary of the B ring. The mea- 
sured velocities agree with those expected from 
Kepler’s third law for individual masses placed at 
the ring distances from Saturn; this agreement in- 
dicates that separate particles make up the rings. 

Infrared observations of Saturn’s rings show 
that they are particles of water ice or rocky particles 
coated with water ice. The ice does not evaporate 
because the surface temperature of the particles is 
only about 70 K. At this equilibrium temperature, 
the rings’ icy material has a very low vapor pres- 
sure, and so the ice stays in solid form. Radio sig- 
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nals from Voyager reflected by the rings indicate 
that the particles are about 1m in diameter, but a 
range of sizes, from centimeters to tens of meters, 
probably exists. Although covering a large area of 
space, the rings have a total mass estimated to be 
only 10! kg, about 107!° the mass of Saturn. 


@ The Moons and Rings of Uranus 


The five major moons of Uranus—Miranda, Ariel, 
Umbriel, Titania, and Oberon—move in the 


Small Bodies and the Origin of the Solar System 


Figure 7-13 Ringlets. Sat- 
urn’s main rings contain 
many smaller rings within 
them, this image was com- 
puter enhanced to bring out 
the ringlets. (NASA) 


planet’s equatorial plane and revolve in the same 
direction as the planet rotates. Because the moons 
lie in the same plane as Uranus’ equator, their or- 
bits as seen from the Earth are alternately edge-on 
and fully open every 21 years; in 1987 they ap- 
peared as circles, but in 2008 they will appear 
edge-on. 

Miranda is the smallest (less than 320 km in di- 
ameter) and closest to Uranus. The others range in 
diameter from 1190km (Umbriel) to 1550 km 
(Oberon). Their surfaces appear to be made of a 


Figure 7-14 Spoke-like features in the rings. This sequence was taken at intervals of 15 
min. Note the motion of the spokes. (NASA) 


dirty ice, very much like that of Saturn’s Hyperion. 
The bulk densities range from 1300 to 2700 kg/m/?, 
which implies that these are bodies made of rock 
and ice. 

Voyager 2 transformed our view of Uranus’ 
moons much as it did our view of the moons of 
Jupiter and Saturn. First, the spacecraft discovered 
ten more moons, for a total of at least 15. The larg- 
est is Puck; it has a diameter of only 170 km and 
orbits within 86,000 km of Uranus. The other nine 
moons orbit between Uranus and Puck. These in- 
nermost moons have diameters between 40 and 80 
km. Second, it provided close-up views of the larg- 
est moons (Figure 7—15A through C). Miranda (Fig- 
ure 7-15A) has the most complex surface, with 
many types of terrain that appear tectonically shuf- 


(B) 
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fled (perhaps by tidal forces of Uranus). Ariel has 
impact craters and large fractures and valleys (Fig- 
ure 7-15B). We again find evidence here for the era 
of torrential impacts early in the history of the Solar 
System. 

Uranus has rings discovered accidentally in 
March 1977 while Uranus occulted a faint star. Voy- 
ager 2 found more rings for a total of at least 11. 
These rings circle the planet in roughly three 
groups (Figure 7-15C): rings 6, 5, and 4 at about 
42,500 km; a and £B at 45,000 km; 7, y, and 6 at 
48,000 km; and the ¢ ring and two others at 51,000 
km from the center of Uranus. The narrowest rings 
have widths of only about 5 km; the e ring is 100 
km wide. The outermost ¢ ring is flanked by two 
shepherd satellites (called Cordelia and Ophelia), 
which serve to keep the ring stable. The rings are 
dark (visual albedo less than 0.03). Voyager 2 radar 
observations showed that the particles in the rings 
of Uranus are black ice with a size of about 1 m. 


The Moons and Rings of Neptune 


Before the Voyager 2 mission, Neptune had only 
two known moons, Triton and Nereid. Triton has 
a diameter of about 2720 km, which makes it one 
of the largest satellites in the Solar System. Nereid 
has a diameter of 355 km. Triton revolves with a 
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Figure 7-15 Moons and rings of Uranus. (A) Miranda; 
note the varied terrain across the surface. (B) Ariel, show- 
ing complex terrain with faults and valleys. The largest 
craters are about 30 km in diameter. (NASA) (C) The 
five major rings are shown here in this pole-on view. 
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period of about 5 days in a retrograde (east-to- 
west) orbit that is inclined 20° to the plane of Nep- 
tune’s equator. No other planet has a close moon 
moving retrograde and so steeply inclined. Nereid, 
the outer moon, has an orbital eccentricity of 0.75— 
two times larger than that of any other Solar Sys- 
tem satellite; its distance from Neptune ranges 
from 1 million to 10 million km. Nereid’s orbital 
velocity of 3 km/s at closest approach to Neptune 
is only 0.2 km/s shy of escape velocity. 

The Voyager images of Triton displayed a fas- 
cinating face (Figure 7-16). The cratering here is 
not too heavy, which means that the surface must 
be relatively young and recently modified—subject 
to meltings and refreezings. The overall tempera- 
ture is low, a mere 37 K. On parts of the surface lie 
frozen ice lakes, which resemble lunar maria in 
shape. Some are stepped, which suggests a series 
of meltings and freezings. But in general the sur- 
face relief is quite low—less than 200 m. Triton’s 
atmosphere is about 800km thick; it contains 
mostly nitrogen with a trace of methane. 

Near Triton’s south pole (which is now in a 
summer season), the surface ice (consisting of 
methane and nitrogen) appears evaporated in spots 
(Figure 7-16). In other regions, small flows have 
filled valleys and fissures—slow moving glaciers of 
methane and nitrogen. In other sections, the icy 
surface appears to have melted and collapsed. 
Dark, elongated streaks tens of kilometers across 


Figure 7-16 Voyager 2 image of Triton. The southern 
pole cap has rugged terrain, which smoothes out to the 
north. The visible surface is ice. (NASA) 
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seem to be the trails of ice volcanoes. Just 30 m be- 
low the surface, the pressure is high enough to liq- 
uefy nitrogen ice. When the surface cracks, the liq- 
uid can burst out and turn to gas, which shoots up 
several kilometers above the surface. The vapor 
condenses and falls back down, creating a thin, 
dark layer on the surface. One such geyser was 
seen actively erupting during the Voyager en- 
counter. 

Triton’s bulk density turns out to be 2020 kg/ 
m? (about the same as Pluto and Charon). That im- 
plies a rocky core surrounded by a mantle of meth- 
ane and water ice. The icy surface, which is pri- 
marily molecular nitrogen (Nz) ice, results in an 
average albedo of roughly 70%. Triton’s orbit re- 
sults in a seasonal cycle of 165 years; summer in 
the Southern Hemisphere has already lasted some 
30 years. Still, so far from the Sun, the surface re- 
mains so cold that regions of nitrogen ice are still 
visible here. 

Voyager also captured images of six small 
moons. They range in size from 60 to 415 km and 
exhibit the usual rugged surfaces of Jovian moons. 
Their albedoes are all low, about 5% or so. Two of 
them lie close to the outer and middle rings, and 
so may well act as shepherding moons. Except for 
the smallest and innermost moon (called Naiad), all 
lie within the plane of Neptune’s equator. 

Voyager showed clearly for the first time Nep- 
tune’s somewhat mysterious ring system, which 
contains five individual rings (Figure 7-17). The 
two brightest, outer rings have radii of 53,000 and 
62,000 km with a tenuous ring spread between 
them. Closer in lies a wide ring about 2000 km 
across. The outer ring is clearly clumpy, with three 
brighter segments strung along a fainter but com- 
plete ring like sausages on a string. This structure 
explains the earlier ground-based observations that 
were interpreted as a series of arcs around the 
planet. 


7-2 
ASTEROIDS 


Chapter 2 presented the general orbital properties 
of asteroids. Here we will focus on their physical 
characteristics because these inform us about the 
conditions of solid matter early in the Solar Sys- 
tem’s history. 

Basically, an asteroid is an irregular, rocky 
body both smaller and less massive than a planet. 
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Figure 7-17 Backlit image of the rings of Neptune, with the disk of the planet partially 
blocked out. Note the segmentation of the outer ring and the fuzziness of the inner one. 
(NASA) 


(Only about 200 asteroids have diameters greater 
than 100 km; some 10® are thought to be in the as- 
teroid belt.) Ceres, the largest known asteroid, has 
a diameter of only 940 km. Asteroid sizes can be 
measured directly when an asteroid occults a star. 
We can also measure an asteroid’s reflectivity of 
visible light and its infrared emission (typically at 
10 wm) when it is at a known distance from the 
Sun. These two measures in an equilibrium state 
allow an indirect estimate of the asteroid’s size. 

The flux of solar energy falling on an asteroid 
iS 

(Lo /4mD*) aR? 


where Lo is the luminosity of the sun, D the dis- 
tance from the Sun, and R the radius of the aster- 
oid. A fraction A (the albedo) is reflected back into 
space. If the Earth is a distance d from the asteroid, 
the flux of reflected light at the Earth is 


Fis = (Lo /4aD?) 7 R?(A /4 rd?) 


We can measure this flux and so determine the 
quantity R2A. The fraction of energy absorbed, 


1 — A, heats up the asteroid and is re-emitted into 
space as infrared radiation. We can observe this in- 
frared flux at the Earth. The ratio of visible to in- 
frared flux is 


Fyis/Fir = A/(1 — A) 


From this measurement, we can determine A and 
then use this value with the previous determina- 
tion of RA to calculate R. 

Observations of the surface reflectivity of the 
larger asteroids give some hints about their com- 
positions. Asteroids have a wide range of reflectiv- 
ities, from Nysa (diameter 82 km), whose albedo is 
35%, to Cybele (diameter 280 km), which reflects 
only 2%. Nysa’s surface reflects sunlight about as 
well as the icy satellites of Jupiter and Saturn; Cyb- 
ele has an albedo similar to that of the rings of 
Uranus. 

The reflectivities indicate that most asteroids 
fall into two major compositional classes. Some are 
relatively bright with albedos of about 15%, and 
others are much darker, with albedos of 2 to 5%, 
indicating that they contain a substantial percent- 
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age of dark compounds, such as carbon or the 
black mineral magnetite (Fe3O4). These dark aster- 
oids resemble a class of meteorites (Section 7-4), 
the carbonaceous chondrites, which are dark be- 
cause they contain carbon compounds (roughly 1 
to 5% carbon). The lighter class is dubbed S-type 
asteroids, the darker ones C-type asteroids. The S 
type, in addition to having higher albedos, also 
show spectral absorption bands indicative of sili- 
cate materials. A third class, called M-type aster- 
oids, has characteristics suggestive of metallic sub- 
stances. They have albedos of about 10%. Only 5% 
of known asteroids belong to this last class. 

Based on albedos, compositions in the asteroid 
belt vary with distance from the Sun. Near the orbit 
of Mars, almost all asteroids have S-type character- 
istics. Farther out are fewer high-albedo ones and 
more dark ones. At the outer edge of the belt, 3 AU 
from the Sun, 80% of the asteroids are C type. 

Most asteroids fluctuate in brightness from 
their rotation—proof that they have irregular sur- 
faces or shapes (or both). The Galileo spacecraft, on 
its way to Jupiter, captured an image of the S-class 
asteroid Gaspra (Figure 7-18). It has a lumpy 
shape, some 20 km by 12 km by 11 km, and a cra- 
tered surface. The smallest craters are 300 m wide. 
Gaspra rotates once every 7h. Large chunks have 
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been struck off in past collisions—typical events in 
the life of an asteroid. 

Do asteroids have moons? That depends on the 
stability of a binary (double) asteroid system to 
tidal forces. Asteroids have very small masses; 
Ceres, for example, if it were all rock, would have 
a mass of only about 10?! kg. A typical asteroid is 
about ten times smaller and so has a mass of only 
10°? that of Ceres. This small mass means that the 
gravitational force between the bodies would be so 
weak that the tidal force of the Sun or Jupiter could 
easily disrupt the binary system. Any existing sys- 
tem is likely to have a very small separation be- 
tween asteroid and moon, and so it would be hard 
to see the two separate objects telescopically. The 
two may be visible during an occultation. A few 
such moon-occultation observations have been re- 
ported. None has yet been repeated. 

A Galileo image provides a close-up view of the 
S-class asteroid Ida (56 km long). There are no sur- 
prises here with its irregular shape and a heavily 
cratered surface. The shocker came with the dis- 
covery of Dactyl, a tiny satellite—only 1.5km in 
diameter! The orbital period is about 24h, and the 
separation, some 100 km. Applying Newton’s ver- 
sion of Kepler’s third law, we can find the mass of 
Ida and its density, 2500 kg/m>. That’s a bit less 


Figure 7-18 Galileo image of the 
main-belt asteroid Gaspra. (NASA) 


than Deimos and Phobos and about the same as 
Ceres. The implication is that Ida (and perhaps 
other S-class asteroids) are primitive rather than 
differentiated. 


7-3 
COMETS 


When first sighted telescopically, a comet typically 
appears as a small, hazy dot. This bright head of 
the comet is called the coma (Figure 7-19). Some- 
times the coma contains a small, starlike point 
called the nucleus. Cometary nuclei are very small, 
perhaps no larger than a few kilometers across; 
Halley’s nucleus is only about 10 km in diameter. 
As a comet moves toward perihelion, it grows 
brighter and sprouts a tail. A comet's tail may 
stretch for millions of kilometers and always points 
away from the Sun. Surrounding the entire comet 
when it is in the inner Solar System is a gigantic 
halo of hydrogen gas, spanning millions of kilo- 


Hydrogen 
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Figure 7-19 Schematic view of the main parts of a 
comet. Note that the comet is much larger than visible 
optically, but it originates from a very small nucleus. 


Envelope (10” km) 
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meters. This halo, detectable from spacecraft in the 
ultraviolet, results from the photodissociation by 
sunlight of the hydroxyl radical (OH ) in the coma. 


Tails 


Comets have two types of tails: ionized gas 
(plasma) and dust. The physical difference between 
the two shows up in their spectra. The spectrum of 
the plasma tail has emission lines. The dust tail’s 
spectrum is that of sunlight reflected from dust ex- 
pelled from the coma. The radiation pressure from 
sunlight detaches dust from the coma to form a tail; 
these particles follow Keplerian orbits around the 
Sun and so do not align with the plasma. 

In the spectrum of the plasma tail, the most 
conspicuous spectral lines are those produced by 
carbon monoxide (CO), carbon dioxide (CO), ni- 
trogen (N2), and radicals of ammonia (NH3) and 
methane (CHy). Puffs of gas sometimes shoot 
through the tail. The German astronomer Ludwig 
Biermann (1907-1986) suggested in 1951 that the 
solar wind has a major effect on the ionized tails. 
Measurements of the solar wind confirmed that the 
magnetic fields carried by the wind’s particles in- 
deed drag ions from the comet’s coma so the tail 
points away from the Sun like a solar windsock. 

The ICE (International Cometary Explorer) inter- 
cept of Comet Giacobini-Zinner in September 1985 
revealed the true complexity of the interaction be- 
tween comets and the solar wind. The ICE’s pas- 
sage through the comet's tail verified that the in- 
teraction produces many energetic ions around the 
comet. These ions are picked up by the wind; the 
additional mass slows down the flow behind the 
comet and produces the long, filamentary ion tail 
(Figure 7-20). The magnetic field—plasma interac- 
tions fix the form of a visible comet. 


Cometary Nuclei 


At great distances from the Sun, the coma shows a 
reflected solar spectrum, and so the cometary head 
must also contain solid particles that reflect sun- 
light. At about 1 AU from the Sun, the head exhib- 
its molecular emission bands of carbon (C2), cyan- 
ogen (CN), oxygen (OQ), hydroxyl (OH), and 
hydrides of nitrogen (NH and NHz). As the comet 
speeds nearer to the Sun, emission lines of silicon, 
calcium, sodium, potassium, and nickel appear. 


136 Chapter 7 


Cold Induced Neutral 
Plasma Tail Magnetotail Sheet 


Turbulent Interaction 
Region 


Figure 7-20 Schematic diagram of the structure of the 
interaction of Comet Giacobini-Zinner with the solar 
wind. (NASA) 


The observed brightness B of a comet depends 
upon its distance from the Sun R (which deter- 
mines its fluorescence and the amount of sunlight 
reflected) and its distance from the Earth r (which 
determines the flux of radiation we receive): 


Ba Rr? (7-1) 


Far from the Sun, no fluorescence occurs and so 
n = 2. Near the Sun, however, n ~ 4 and may 
range from 2 to 6, depending upon the particular 
comet; for Halley's Comet, n ~ 5 for distances 
closer than 6 AU. How much a comet glows (pri- 
marily in its coma) depends on the composition 
and amount of gases released by the nucleus. 

For all their stunning length against the sky, 
comets have very small masses. Halley’s Comet, 
one of the largest, has an estimated mass of only 
about 10% kg, and it loses about 10!! kg during 
each perihelion passage. In 1910, the tail of Halley’s 
Comet stretched about 100°, reaching from horizon 
to horizon; the lack of any noticeable effects as 
the Earth traveled through the tail indicates that 
the gas was quite rarefied, less than about 
107)? kg/m’. 
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The mass expelled from a comet, mostly as gas, 
comes from the nucleus. Fred L. Whipple has de- 
veloped a dirty-snowball cometary model in 
which the comet nuclei are compact, solid bodies 
made of frozen gases (ices) of water, carbon diox- 
ide, ammonia, and methane embedded with rocky 
material. Beyond Jupiter, low temperatures allow 
the ice-rock conglomerate to persist unchanged for 
long periods of time. As the comet nears the Sun, 
the icy material vaporizes. This released material 
enlarges the coma and creates the tail. As the ice 
evaporates, a thin coating of rocky material re- 
mains to form a solid but fragile crust on the nu- 
cleus. The heating of the subsurface material cre- 
ates gas jets that blow off puffs of gas and act as 
small rockets that slightly change the comet's orbit. 


The Comet Cloud 


Periodic comets lose a little material each time they 
pass the Sun and eventually are completely out- 
gassed. How, then, can we explain their abun- 
dance? Comets are gravitationally attached to the 
Sun, most in long orbital periods. From the ob- 
served orbits, we find that the average value of 
their semimajor axes is about 50,000 AU and the 
corresponding orbital period is about 107 years. 
The orbits are highly elliptical; in accord with Kep- 
ler’s second law, the comets travel very slowly at 
aphelion, only a few kilometers per day, and so 
such comets spend most of their time coasting far 
from the Sun. 

A cometary cloud, proposed by the Dutch as- 
tronomer Jan Oort in 1950, is sometimes known as 
Oort’s cloud. It makes up the Solar System’s com- 
etary reservoir. According to Oort’s model, most 
comets never come very near the Sun, and we 
never see them. Occasionally, however, the gravi- 
tational action of passing stars pushes (or pulls) a 
comet into an orbit that does bring it closer. Comets 
are eventually lost either by vaporization of the nu- 
cleus or by Jupiter’s perturbation of their orbits. So 
the supply of Sun-approaching comets must be re- 
plenished with new comets from the cloud. To en- 
sure sufficient input to make up the losses, Oort’s 
picture requires at least 10!! (and perhaps as many 
as 10'*) comets to be clustered in the cloud shaped 
as a prolate spheroid. 

Computer simulations of the cloud indicate 
that about 65% of long-period comets are ejected 
from the Solar System, 30% are randomly dis- 


rupted, and the rest are lost by a variety of pro- 
cesses (for example, loss of volatiles and collisions 
with the Sun and planets). 

The Oort cloud accounts for long-period com- 
ets but not short-period ones, which come from a 
flattened ring or belt beyond the orbit of Neptune. 
This additional cometary component is called the 
Kuiper belt, after Gerard P. Kuiper, who proposed 
the notion in 1951. Some 10% to 10? bodies are 
thought to dwell in the belt as a remnant of the 
solar nebula’s icy planetesimals. 

The HST searched for and detected comets in 
the Kuiper belt. These Kuiper belt members were 
very faint and confirmed by their motions. Astron- 
omers have identified 29 candidate comet nuclei. 
The belt’s larger members were detected several 
years ago. However, HST has found the underlying 
population of normal, comet-sized bodies. 


Halley’s Comet 


Halley’s Comet returned to the Earth’s neighbor- 
hood in 1985-1986, when it reached perihelion on 
February 9, 1986, at a distance of 0.59 AU. After 
rounding the Sun, the comet passed closest to the 
Earth (0.42 AU) on April 11, 1986. Unfortunately, 
this return of Halley’s Comet was the worst for 
viewing in the past 2000 years! But for astrono- 
mers, this encounter marked the first time that they 
could study a comet in detail with modern equip- 
ment and discover its true nature (Figure 7-21). 
The most spectacular spacecraft mission to 
study Halley was Giotto. Launched by the Euro- 
pean Space Agency (ESA), Giotto swooped within 
600 km of the core of Halley’s Comet on March 14, 
1986. Well before that closest approach, Giotto sam- 


Figure 7-21 Comet Halley, showing fine details in the 
tail in March 1986. (Royal Observatory, Edinburgh) 
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pled the environment around the comet’s head. In 
a zone thousands of kilometers thick, it found gas 
ions moving at speeds greater than the escape 
speed from the nucleus and coma but trapped by 
magnetic fields. Most of the ions were related to 
water; in fact, most of the comet’s gas was water. 

Giotto took almost 3000 pictures during its ap- 
proach to the nucleus. The last, taken before the 
camera was destroyed by collision with particles in 
the coma, came from a distance of about 1700 km. 
It revealed (Figure 7-22) that the nucleus was 
peanut-shaped and about 16 by 8 by 8 km in ellip- 
soidal dimensions. If we assume a density of 500 
kg/m°, appropriate for icy material, these dimen- 
sions give a mass of 3 X 10*kg. 

The comet’s surface was dark—black as velvet, 
with an albedo of only 4%. The surface also ap- 
peared rough, with hills and craters. With a reso- 
lution of a few hundred meters, the best images 
showed the most prominent crater-like structure to 
have a width of 2 km and a depth of 150 m. They 
also show a chain of hills, each about 0.5 km in size, 
a mountain some 1 km high, and a central depres- 
sion in the middle of the elongated nucleus. Ob- 
servations of these structures over time showed 
that the nucleus rotated once every 54". 


Figure 7-22 Nucleus of Comet Halley. A composite, 
detailed image taken with the Halley Multicolour 
Camera during the ESA Giotto encounter on March 13, 
1986. (Max-Planck-Institute fiir Aeronomie, Lindau/Harz, 
Germany) 
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Most dramatic were the gas and dust jets. Be- 
fore the Halley missions, most astronomers had 
imagined that a comet’s nucleus was a dirty snow- 
ball of ices and dust. They were basically right, but 
the amount and nature of the dust surprised ev- 
eryone. As expected, the sunlit side of the comet 
blows off heated materials—ice that vaporizes to 
gas, and the dust with it. These blow off in jets only 
a few kilometers wide—at least nine were visible 
during the Giotto encounter. The surface sources of 
the jets were less than a kilometer in diameter. 
Comparison of pictures of the 1986 Halley encoun- 
ter with photographs from 1910 indicates that the 
jets emanated from the same areas at both appari- 
tions; the fractures producing the jets seem to be 
relatively permanent. The outspray from the jets 
contained about 80% water vapor and 20% dust, 
which was almost all carbon with a small amount 
of sand-like material mixed in. 

The comet’s carbon showed up in another 
way—in a long molecule, the polymer polyoxy- 
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methylene, which contains a chain of formaldehyde 
(HCO) units. The molecule, called POM for short, 
was detected as Giotto plunged through the inner 
coma. Because Halley’s Comet still expels the POM 
molecules after many passes of the Sun, we infer 
that they were incorporated in the nucleus at the 
time of its formation. Hence we have a strong, al- 
beit indirect, clue that POM might exist in inter- 
stellar clouds as well. 


The Great Comet Crash on Jupiter 


Carolyn Shoemaker, Gene Shoemaker, and David 
Levy discovered Comet Shoemaker-Levy 9 (SL9) in 
March 1993 near Jupiter. But something looked 
strange on the photo. Instead of a faint round 
smudge, the comet appeared as a faint bar. Later 
observations showed that the comet formed a line 
of fragments, a straight train of pieces or a “string 
of pearls.” Hubble Space Telescope observations (Fig- 
ure 7-23) revealed that the nucleus has broken up 


Figure 7-23, An HST image of the SL9 fragments. The view spans 605,000 km. Fragment 
A is at the far left; W, at the far right. (H.A. Weaver, T.E. Smith, and NASA) 


into at least 23 fragments probably as a result of 
tidal forces during a close approach to Jupiter. 

Brian Marsden predicted that these fragments 
would collide with Jupiter in July 1994. SL9 turned 
out to be orbiting Jupiter. Jupiter’s gravitational 
reach has snatched some 150 comets into such 
short-period orbits of about 8 years. SL9 was 
doomed; it showered Jupiter from July 16 to July 
22, 1994. 

The HST participated in an international ob- 
serving campaign during impact week. Unfortu- 
nately, the impacts would occur on the “back” side 
of Jupiter as seen from the Earth. Just 1.5h after 
the impact of the first fragment (named A), the 
damage rotated into view: a black, symmetrical 


Figure 7-24 Impact sites for fragments G (right) and D 
(left), as viewed by HST. The G site has a central dark 
spot about 2500 km in size. The inner dark ring is 7500 
km in diameter; the outermost ring, 12,000 km—the 
Earth’s diameter. (H. Hammel and NASA) 
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scar with a central core and semicircular halo. On 
July 18, fragment G (one of the largest) struck. A 
fireball appeared as a giant bubble of superhot gas 
that rose some 3000 km above the cloud tops. Its 
bruise (Figure 7-24) looked like a multiring black 
eye about twice the diameter of the Earth. Subse- 
quent impacts left similar features. By late August, 
the stratospheric winds had blown apart most of 
the blemishes. 

From computer models of the impacts, astron- 
omers concluded that the largest fragments of SL9 
were no more than 1.5 to 2 km in diameter. Pound- 
ing Jupiter at 60 km/s, a typical impact conveyed 
an energy equivalent of 25,000 megatons of TNT. 
(Such a sock to Earth could wipe out civilization 
with its global destruction.) These blasts occurred 
in Jupiter’s upper atmosphere, where temperatures 
reached at least 10,000 K. As the plume splashed 
back down to the atmosphere, it heated large re- 
gions to perhaps 2000 K and prompted the chemi- 
cal reactions to make the dark stains. 


7-4 
METEOROIDS AND METEORITES 


When a meteoroid—interplanetary debris—enters 
the Earth’s atmosphere, it generates the streak of 
light in the sky called a meteor. If any material sur- 
vives the plunge through air, it strikes the ground 
as a meteorite. Meteoroids hit the atmosphere with 
speeds ranging from 12 to 72 km/s, and more me- 
teors are seen after midnight than before (Figure 7- 
25). Meteors belong to the Solar System, so that 
their speed at the Earth’s orbit cannot exceed the 
solar escape speed there of 42 km/s. Before mid- 
night, only those meteoroids moving faster than 
the Earth (30 km/s) can catch up with it from be- 
hind; the relative speed of the fastest such meteor 
is 12 km/s. After midnight, all meteoroids except 
those moving faster than the Earth along its orbit 
will be seen; now velocities add to give a maximum 
relative speed of 72 km/s. 

Because a meteor’s tail provides a brief record 
of the body’s disintegration, astronomers have 
been able to determine the orbit and general phys- 
ical characteristics of meteoroids. Most meteoroids 
are fragile particles that crumble quickly when they 
come in contact with air (Figure 7-26). A block of 
meteoroid material having a volume of 1 m? would 
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Figure 7-25 Meteor speeds. The solar escape velocity 
at the Earth’s orbit is 42 km/s; meteoroids cannot move 
faster than this speed. In early evening, meteors catch up 
to the Earth. After midnight, the Earth (orbital speed 30 
km/s) catches up to all but the fastest meteoroids mov- 
ing along its orbit. 


crumble under its own weight, for it is no stronger 
than cigarette ash. 

What is the source of this low-density meteor- 
oid material? Comets. During a comet’s successive 
passages by the Sun, solar heating causes a contin- 
ual loss of icy material from the cometary nucleus. 
The dust and solid particles interspersed in the ice 
flake off and scatter in an array around the comet. 
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This solid debris is very fragile and has a low den- 
sity. About 99% of all meteors are of cometary 
origin. 

The remainder are probably associated with as- 
teroids. Only those meteors over a certain size can 
survive vaporization in the atmosphere and hit the 
ground as meteorites. In terms of physical and 
chemical composition, astronomers divide meteor- 
ites into three broad classifications: irons, stones, 
and stony irons. The irons, which are generally 
about 90% iron and 9% nickel with a trace of other 
elements, are the most common finds. The stones 
are composed of light silicate materials similar to 
the Earth’s crustal rocks. Though actually the most 
common kind of meteorite seen to fall, they are dif- 
ficult to distinguish from an ordinary terrestrial 
stone and so make up a small fraction of the finds 
(Figure 7-27A). When examined under a micro- 
scope, many stones are seen to contain silicate 
spheres called chondrules embedded in a smooth 
matrix. These stones are known as chondrites. The 
stony irons represent a cross between the irons and 
the stones and commonly exhibit small stone pieces 
set in iron. Irons are the densest meteorites, with 
densities ranging from 7500 to 8000 kg/m°. Stones 
are the least dense, averaging from 3000 to 3500 
kg/m. Stony irons, because they are a mixture of 
stones and irons, have an intermediate density of 
5500 to 6000 kg/m?. 


Figure 7-26 A meteoroid, obtained ir 
the Earth’s upper atmosphere. This par- 
tide of interplanetary dust is about 
10 wm across. Note its flaky structure 
(D. Brownlee, University of Washington) 


Figure 7-27 Different types of meteorites. (A) A stony 
meteorite. A piece from the Allende, Mexico, fall. Note 
the light-colored inclusions. (B) An iron meteorite. The 
crystalline structure is visible in the flat, polished section 
of this meteorite, which fell in Dora, New Mexico. 
(M. Zeilik, Institute of Meteoritics, University of New 
Mexico) 


One curious kind of chondrite is the carbona- 
ceous chondrite. The chondrules in these meteor- 
ites are embedded in material that contains much 
more carbon than other stony chondrites, typically 
from 1 to 4% carbon by mass, which gives these 
meteorites a dark appearance. Carbonaceous chon- 
drites also contain water (ranging from 3 to 20%) 
and volatile materials. In addition, the relative 
abundances of condensable elements in carbona- 
ceous chondrites are closer to those found in the 
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Sun’s photosphere than to those found in the crust 
of the Earth. This similarity suggests that carbo- 
naceous chondrites formed out of the same pri- 
mordial material as the Sun and have suffered no 
major bulk heating since that time. 

An important clue about the origin of iron me- 
teorites comes from etching them with acid on a 
polished surface. Large crystalline patterns called 
Widmanstatten figures become visible (Figure 7- 
27B). Widmanstatten figures give a clue to the his- 
tory of the meteoritic material. A nickel—iron mix- 
ture, when cooled slowly under low pressures from 
a melting temperature of about 1600 K, forms large 
crystals. The cooling must be very gradual (about 
1K every 10° years). Metals conduct heat well, 
however, and in space, a molten mass of nickel and 
iron would cool rapidly. Nickel-iron meteorites 
could grow Widmanstatten figures only if they had 
protection from the cold, and so it’s likely that 
nickel-iron meteorite material solidified inside 
small bodies, termed parent meteor bodies. To al- 
low slow cooling, these bodies were at least 10 km 
in diameter. 

Such bodies probably formed at the origin of 
the Solar System. Parent meteorite bodies are en- 
visioned as having been only a few hundred kilo- 
meters across. Once formed, they could be heated 
by the radioactive decay of such short-lived iso- 
topes as 2°A]. When heated to melting, a parent 
meteor body differentiates; the densest material 
falls to the center, and the least dense comes to the 
surface. So the object ends up with a core of metals 
and a cover of rocky material, which cools to form 
a crust. This crust insulates the molten metals and 
allows them to cool slowly and form large crystals. 
Later, the parent meteor bodies collide and frag- 
ment. Pieces from the outer crust make stony 
meteorites, pieces from farther down become 
stony-iron meteorites, and the core produces iron 
meteorites. 

This scenario requires that the parent meteor 
bodies were among the first solid objects to form 
in the young Solar System. Radiometric dating of 
meteorites backs up this idea: the ages of all fall 
close to 4 to 6 billion years. So meteorites provide 
us with the most direct evidence of primitive sol- 
ids—chemically, isotopically, and physically. 

Not all meteorites originate from asteroids. A 
few meteorites very likely came from the Moon! 
Since 1981, scientists from the United States and 
Japan have recovered thousands of meteorites bur- 
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ied in old ice in Antarctica. A few of these—each 
only a few centimeters across—have a texture sim- 
ilar to that of lunar breccias; their chemical com- 
position is similar to that of lunar rocks (especially 
in noble gases, potassium, magnesium, and iron), 
and their isotopic abundances of oxygen also ap- 
pear similar to the Moon’s. Hence, some lunar im- 
pacts provided enough energy to boost pieces 
above lunar escape velocity (2.4 km/s), and these 
pieces then traveled to the Earth. Those trapped in 
the antarctic ice have been well preserved for 
examination. 

Other meteorites may have come from Mars. 
The suspects resemble some basaltic rocks, which 
suggests a volcanic origin. But they also have an 
oxygen isotopic composition quite different from 
that of the Earth or any other meteorite. Two prop- 
erties point to Mars as the source: the radiometric 
ages are young, 1.3 billion years or newer; and the 
noble gas ratios in them match that detected at 
Mars by the Viking landers. How could these 
meteorites get from Mars to the Earth? A basin- 
forming impact on Mars could have blasted mate- 
rial into space at speeds greater than the Martian 
escape velocity. These pieces orbited the Sun until 
they chanced to intersect the Earth. 

One such meteorite, called ALH84001, has at- 
tracted attention because it may contain evidence 
of primitive life on Mars some 3.6 billion years ago. 
Radiometric dating indicates that this meteorite 
was formed 4.5 Gy ago; it was ejected into space 
about 16 million years ago; and landed on Earth 
about 13,000 years ago. This sample is much older 
than other Martian meteorites, so it could provide 
fossil evidence of the conditions on Mars during its 
“warm” period [Section 5—4(D)]. The meteorite 
contains unusual, tiny globs of carbonate; living or- 
ganisms may have assisted in the formation of 
these carbonates (as occurs in the Earth’s oceans 
today). Organic molecules called polycyclic aro- 
matic hydrocarbons were found close to the car- 
bonates. When microorganisms die, they com- 
monly degrade into these molecules (found on 
Earth in ancient sedimentary rocks). Also discov- 
ered in the meteorite were iron sulfides and mag- 
netite that can be produced by microorganisms. 
These results are very suggestive but not conclu- 
sive. For instance, researchers at the University of 
New Mexico analyzed a sample of the meteorite 
using a different technique and looking for differ- 
ent clues; the results were negative. The case for 
firm evidence for past life on Mars is still open. 
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INTERPLANETARY GAS AND DUST 


Interplanetary gas comes from various sources. 
Some has escaped from planetary atmospheres, 
and some has been released in the demise of com- 
ets. Most, however, comes from the Sun. The solar 
wind, essentially an expanding extension of the so- 
lar atmosphere (Chapter 10), rushes past the Earth 
at about 500 km/s. The plasma does not stop there; 
it sweeps onward beyond Pluto’s orbit until it 
slows down and dissipates in interstellar space. 

The solar wind has only a minor effect on the 
heavier dust particles in the Solar System. These 
particles, which orbit approximately in the plane of 
the ecliptic, produce a phenomenon known as the 
zodiacal light, a faint cloud of light that extends in 
a roughly triangular shape above the horizon be- 
fore sunrise and after sunset. The zodiacal light 
shines so faintly that the lights of even a small town 
can completely obscure it. Satellite observations 
show that the zodiacal dust particles in the Earth’s 
neighborhood have a concentration of about 1078 
particles/m® and that they are composed mostly of 
silicates, iron, and nickel. When this cosmic dust 
falls to the Earth, it is found as micrometeorites. It 
adds perhaps a few million tons to the Earth’s mass 
each year. The total mass of the zodiacal cloud is 
about 10/° kg. 

Although dust is constantly being fed into the 
Solar System by disintegrating comets (and per- 
haps asteroid collisions), two physical processes ef- 
ficiently remove it: radiation pressure and the 
Poynting-Robertson effect. Radiation pressure 
occurs because electromagnetic radiation carries 
momentum at the speed of light. The radiant en- 
ergy flux E (J/m? - s) corresponds to a momentum 
flux P = E/c (J/m?), where c is the speed of light 
(Chapter 8). The momentum flux is the light pres- 
sure on the particle. When solar radiation interacts 
with a dust particle of effective area or cross section 
A, the rate of change of the particle’s momentum 
is the radiation force: 


Fr = PA = AE/c 


From the discussion of planetary temperatures, 
E = (Ro/d)20To4, where d is the distance from the 
Sun. If we assume that A = wr2, where r is the 
particle’s radius, then the radiation force pushing 
the particle away from the Sun is 


Fr = (mor?Re?To'/0)/d? (7-2) 


but the Sun’s gravitational attractive force on the 
particle is 


Fe = GMo(4ar3p/3)/d? (7-3) 


where p is the density of the particle. We form the 
ratio of Equations 7-2 and 7-3 and substitute the 
appropriate numbers to find 


Fr/Fo = 30R6°To4/4cGMopr 
5.78 X 10-Ypr (7-4) 


ll 


where the ratio is dimensionless if we express r in 
meters and p in kilograms per cubic meter. Note 
that the particle’s distance d from the Sun has dis- 
appeared. We see that Fr = Fg for reasonable den- 
sities (p ~ 1000 to 6000 kg/m?) when r ~ 0.1 um, 
so that dust particles smaller than 1 wm are blown 
out of the Solar System. 

For larger particles, Fg => Fr, the Poynting- 
Robertson effect becomes important. Just as the 
Earth’s orbital motion leads to the aberration of 
starlight [Section 3-3(A)], so also will a particle’s 
Keplerian orbit cause solar radiation to appear to 
be coming from slightly in front of the particle. If 
v is the speed of the particle in circular solar orbit, 
the angle between the incoming radiation and the 
radius vector to the Sun is clearly @ ~ v/c so that 
the component (0/c)Fr of the radiation force is im- 
peding the particle’s motion. So a particle will spi- 
ral into the Sun. A particle originally orbiting at 
distance d (AU) will fall into the Sun in a time 


t = (7 X 10°)prd? years 


For example, a particle of size r = 1 wm and den- 
sity p = 4300 kg/m? takes only 3 x 10° years to 
spiral into the Sun from a distance of 1 AU and 
about 5 x 106 years from 40 AU. In this fashion, 
the Solar System is purged of its small dust, but 
that material is replenished by the breakup of 
larger bodies, such as comets. 


7-6 
THE FORMATION OF THE 
SOLAR SYSTEM 


Weend this chapter with a composite sketch of the 
development of our Solar System based on the best 
models we have today. These models are basically 
nebular models, where a cloud of interstellar gas 
and dust contracts to form the Sun and planets. The 
overall features of this picture are probably correct 


7-6 The Formation of the Solar System 143 


even though some details are still vague and un- 
certain. We will focus on two major aspects of these 
models: dynamics and chemistry. 


Dynamics 


The Solar System displays a regular structure in 
terms of its dynamic properties. Viewed from 
above the Sun’s north pole, the Solar System shows 
the following regularities: 


1. The planets revolve counterclockwise around 
the Sun; the Sun rotates in the same direction. 


2. With the exceptions of Mercury and Pluto, the 
major planets have orbital planes that are only 
slightly inclined to the plane of the ecliptic; the 
orbits are nearly coplanar. 


3. With the exceptions of Mercury and Pluto, the 
planets move in orbits that are very nearly 
circular. 


4. With the exceptions of Venus and Uranus, the 
planets rotate counterclockwise, in the same di- 
rection as their orbital motions. 


5. The planets’ orbital distances from the Sun fol- 
low a regular spacing; roughly, each planet lies 
twice as far out as the previous one. 


6. Most satellites revolve in the same direction as 
their parent planets rotate and lie close to their 
planets’ equatorial planes. 


7. The planets together contain much more angular 
momentum than does the Sun. 


8. Long-period comets have orbits that come in 
from all directions and angles, in contrast to the 
coplanar orbits of the planets, satellites, aster- 
oids, and short-period comets. 


The essential feature of nebular models is that 
the Sun and then the planets form from a cloud of 
interstellar material. The Sun’s formation takes 
place in the center of a flattened cloud. The planets 
grow from the disk of the cloud. So the problem 
has two basic parts: (1) how to make a flat solar 
system and (2) how to get the planets to grow out 
of the cloud. 

To tackle the first part, consider the conserva- 
tion of angular momentum. The basic point is this: 
Once a body starts spinning, it will keep on spin- 
ning as long as no torque affects it. The amount of 
spin angular momentum depends on how much 
mass the body has and how much it is spread out. 
If by itself the body changes size—for instance, if 
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it contracts gravitationally—it will naturally spin 
faster to keep its spin angular momentum the 
same. And it will flatten as it falls in along the ro- 
tation axis, where the spin angular momentum per 
unit mass is the least. As a natural result of con- 
traction with spin, the planets’ orbits align in a thin 
disk and the Sun rotates in the same direction as 
the planets revolve. 

We then have to tackle the present distribution 
of angular momentum. Although the Sun holds 
99% of the system’s mass, it contains less than 1% 
of the angular momentum. The Jovian planets have 
the most, 99% of the total. A good nebular model 
requires a process to redistribute the angular mo- 
mentum. One idea that has been worked on in 
some detail involves the interaction of magnetic 
fields and charged particles to rearrange the distri- 
bution of angular momentum, so that the spin of 
the central part of the nebula is decreased and 
transferred to the outer regions. 

Plasmas and magnetic fields interact in such a 
way that the charged particles spiral along the 
magnetic lines of force. As the Sun forms, it heats 
up the interior regions of the nebula, and the gas 
is ionized. As the Sun rotates, it carries its magnetic 
field lines with it; these drag along the charged par- 
ticles, which in turn interact with and drag along 
the rest of the gas and dust. So the magnetic field 
spins up the material near the Sun. At the same 
time, the inertia of the nebula resists the rotation. 
This drag on the magnetic field lines stretches them 
into a spiral shape (Figure 7-28). So the nebular 
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of Force 
Figure 7-28 Magnetic fields in the solar nebula. A pos- 
sible configuration of the twisting of magnetic field lines 
from the Sun trapped by ionized gas in the solar nebula. 
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Planetary Chemical 
Condensation Sequence 


Compound/Mineral Temperature (K) 


Al,O3 1743 
Fe—Si 1458 
Mg2SiO4 1433 
Al,SiOs 1068 
FeS (trolite) 703 
Fe304 403 
Carbonaceous compounds 373-473 
Hydrated Mg-silicates 273-373 
Ices <273 


Note: For a pressure of 10~ atm. 


material gains rotation (and angular momentum) 
and causes a torque on the Sun’s rotation, which 
slows it down. 


@ Chemistry 


Planet formation is a multistep process. First, solid 
grains condense out of the solar nebula’s gas. Sec- 
ond, these particles accrete into large bodies called 
planetesimals, which then collide and accrete to 
make protoplanets, which evolved into the planets 
of today. The condensation of grains determined 
the chemical composition of planets by a process 
called the condensation sequence. 

The basic idea of the condensation sequence is 
this: The nebula’s center had a temperature of a 
few thousand kelvins. Here solid grains, even iron 
compounds and silicates, could not condense. Else- 
where, which materials would condense as new 
grains depended on the temperature. Just below 
2000 K, grains made of terrestrial materials would 
condense; below 273 K, grains of both terrestrial 
and icy materials could form. At different temper- 
atures, the gases available and the solids present 
react chemically to produce a variety of com- 
pounds (Table 7-2). The densities and composi- 
tions of the planets can be well explained with the 
condensation sequence if the temperature of the 
nebula dropped rapidly from the center outward. 
Then, at different distances from the Sun, different 
temperatures allowed different chemical com- 
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Figure 7-29 Temperature and condensation sequence. 
To result in the differences in composition from one 
planet to another, the temperature in the solar nebula 
followed the trend shown here. 


pounds to condense and form grains that eventu- 
ally made up the protoplanets (Figure 7-29). 

In general, the condensation sequence requires 
a certain minimum temperature to be reached to ac- 
count for the known chemical composition of the 
planets. Roughly, these temperatures are 1400 K for 
Mercury, 900K for Venus, 600K for the Earth, 
400 K for Mars, and 200 K for Jupiter. Note that, at 
a given distance from the Sun, the temperature var- 
ies with time, and so these values are the minima 
reached during the interval of planetary formation. 

The condensation sequence provides a natural 
explanation of the terrestrial/Jovian chemical and 
mass division. Where ices can condense, planetes- 
imals have a much larger supply of solid material, 
and their masses can become much larger than 
planetesimals that form in regions where only met- 
als and rocks can condense. That’s the result of a 
solar composition of the nebula, where volatiles 
dominate the abundances. 


Accretion 


Once the grains condense, they accrete into larger 
masses. Accretion processes fall into two distinct 
physical categories: (1) growth by collision and 
sticking due to the geometric cross section, and (2) 
growth by collision due to gravitational attraction, 
with a gravitational cross section. 

A grain’s geometric cross section is simply 
mR? for a spherical grain of radius R. We can define 
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a gravitational cross section (or impact parameter) 
as follows. Consider a test particle at velocity Vo 
approaching a grain of radius R. When the test par- 
ticle hits the grain, it has velocity V. Let S be the 
maximum transverse distance from the center of 
the grain that a test particle can have and still strike 
the grain (Figure 7-30). The test particle starts out 
at position S > R so that its potential energy at S 
is zero. Conservation of angular momentum says 
that 


VR = VS 
Conservation of energy requires that 
mVe2/2 = mV4/2 — GmM/R 


where m is the test particle’s mass and M is the 
grain’s mass. Then 


V7/2 = K2/2 + GM/R 
and 
V = (V2 + 2GM/R)'/2 


Substitute this expression for V back into the an- 
gular momentum conservation equation: 


VoS = (V2 + 2GM/R)!2R 
so that 


S = (R/Vo)(Voz + 2GM/R)V/? 
= (R? + 2GMR/Vo")'/2 
This is the equation for the gravitational impact pa- 


rameter; note that it is a sum of a geometric term 
and a gravitational term. 


Figure 7-30 The geometry for particle impacts with 
gravity increasing the effective impact cross section. 
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Suppose particles grow by adding material of 
the same density so that the particle’s density is 
constant. Then 


dM/at 


d/dt[(4/3)mpR?] 
4 mpR?(dR/dt) 


The particles grow in size to increase their mass. 
Assume that gravity dominates the growth. Now 
consider how a particle grows as it moves through 
a group of other particles. The collision rate de- 
pends on the velocity (greater velocity, more colli- 
sions in a given time), cross section (the larger the 
cross section, the larger the number of collisions in 
a given time), and the number density of the other 
particles (greater density means more collisions in 
a given time). So 


dM /at 


ll 


velocity X particle density 
X cross section 


Vopo mS? 
= Vopo7m(R2 + 2GMR/V)?) 
Vopo7R? + 27rpp GMR/Vo 


Ignore the first (geometric) term for the case where 
the gravitational cross section dominates. Then 


dM/dt ~ (27Gpo/Vo)MR 
= (2mGpo*/Vo)[(4/3)mR?]R 


or 
dM/dt « R4 


As the particles grow, they add material at a very 
fast and accelerating rate. 

At what particle size does the gravitational 
cross section dominate? Let’s say that happens 
when S? = 2R2, twice the geometric one. Then 


S = 2”2R = (R2 + 2GMR/V2)¥? 
2R2 = R2 + 2GMR/Vo 


so 
R2 = 2GMR/Vo? 
and 
R = 2GM/V¢? 
= (2G/Vo?)(4/3)(arpR*) 
or 


R = (3V)2/8mGp)!/2 


Small Bodies and the Origin of the Solar System 


Note that Vo is the relative velocity of particles and 
p the particles’ density. For Vy) = 1 km/s and p ~ 
3000 kg/m, we have 


R ~ 1000 km 


as the transition size. Objects larger than about 
1000 km are planetesimals. 


@® The Formation of Jupiter 
and Saturn 


To make matters somewhat confusing, Jupiter and 
Saturn may have formed in a way other than that 
described by the planetesimal accretion model. In 
analogy with star birth, Jupiter and Saturn may 
have condensed gravitationally from single, large 
blobs of material in the nebula rather than by ac- 
cretion of planetesimals. The heat they gain comes 
from the conversion of gravitational potential en- 
ergy to heat during gravitational contraction. 

A proto-Jupiter with a solar mixture of material 
16 times Jupiter’s present size has a central tem- 
perature of 16,000 K, a surface temperature of 1000 
K, and a luminosity of almost 10 the Sun’s pres- 
ent luminosity. Gravity quickly collapses the proto- 
Jupiter at first. The shrinking slows down when 
the planet’s interior is liquid because liquids are 
difficult to compress. In the next 4.5 billion years, 
Jupiter contracts to its present size and _ its 
central temperature drops as it loses some of its 
heat of formation to space at a rate of 1.8 x 
10~? Lo. (Similar models describe the early evo- 
lution of Saturn.) Soon after its formation, the 
proto-Jupiter went through a brief phase of high 
luminosity, which may explain, in the context of a 
condensation sequence, why the Galilean satellites 
decrease in density going outward from Jupiter. So 
the Galilean moons may mimic the condensation 
and accretion of the terrestrial planets. 


Asteroids, Meteorites, and Comets 


Asteroids are probably planetesimals that did not 
accrete to make a planet. Recall the compositional 
variation across the asteroid belt. On the inner 
edge, it contains mostly S-type asteroids; at the 
outer edge, mostly C types. These albedo differ- 
ences fit in nicely with the condensation sequence 
if the C types contain more carbon than the S types. 


At the inside of the belt, the temperatures were low 
enough for silicates to condense but too high for 
carbon-bearing materials to do so. Farther out, both 
types of materials condensed to end up in plane- 
tesimals. Why didn’t they form a planet? Probably 
because of the tidal influence of the proto-Jupiter. 
Solar tidal forces also helped to change the orbits 
of the planetesimals from circular to elliptical. 
Some crashed into others, shattering them into 
smaller pieces. Some of these pieces caromed into 
the inner part of the Solar System and eventually 
rained onto the surfaces of Mercury, Venus, the 
Moon, the Earth, and Mars, forming craters—the 
epoch of bombardment 4 billion years ago. 

The characteristics of chondritic meteorites 
support the condensation picture. Their chemical 
composition and unmixed structure suggest that 
they are the original condensed material of the neb- 
ula. The turbulence in the nebula may have created 
shock waves that swiftly melted the grains. After 
their passage, the drops cooled and solidified to 
form chondrules. The glassy spheres that resulted 
accumulafed in planetesimals. Chondrules suggest 
that the bulk of their condensation took place at 
temperatures around 600 K. About 1 million years 
after formation, radioactive decay reheated some 
planetesimals, melting them to some extent and al- 
lowing them to differentiate into iron cores and 
stony mantles. The planetesimals that were not 
gathered into a protoplanet possibly became the 
parent meteorite bodies. These bodies later collided 
and fragmented. 

Near the Jovian planets, planetesimals would 
be mostly icy materials; these may have formed the 
nuclei of comets. These icy bodies may have then 
been gravitationally directed into the Oort cloud. 
We expect from the condensation sequence that 
bodies formed near the Jovian planets would have 
an icy composition. Estimates for the actual com- 
positions of Uranus and Neptune are 60 to 70% icy 
materials. Comets are believed to have almost the 
same relative percentage. The inference is that 
these two planets grew by the accretion of icy plan- 
etesimals. The remaining planetesimals have their 
orbits perturbed by the Jovian planets and ejected 
into orbits (20,000 to 50,000 AU) typical for the Oort 
cloud. Uranus and Neptune have the most efficient 
gravitational effects and account for some 75% of 
the objects in the comet cloud. Hence, the Oort 
cloud is a by-product of planetary accretion in the 
outer Solar System. 
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Formation of the Earth and Moon 


Because the Moon is a simpler, more primitive 
body than the Earth, we have a better idea of its 
history—but not of its formation! Attempts to ex- 
plain the Moon’s formation have usually fallen into 
one of three categories: capture, fission, or binary 
accretion. In the capture model, the Moon forms by 
accretion some distance from the Earth and later is 
captured gravitationally by it. In the simple fission 
model, a rapidly rotating, plastic Earth throws off 


"a large part of its mantle (right after its core is 


formed); this piece cools to become the Moon. The 
binary accretion model views the formation of the 
Earth and Moon as taking place more or less si- 
multaneously from the same part of the solar neb- 
ula. Each model has different strengths and weak- 
nesses, and planetary scientists now feel that the 
best synthesis to date is a fourth model, the giant- 
impact model. 

The giant-impact model envisions the impact 
of a Mars-sized body into the young Earth. The en- 
ergy of this tremendous impact injects a large frac- 
tion of the mass of the Earth and the impacting 
body into a disk of material around the Earth from 
which the Moon accreted. In order to account for 
the angular momentum of the Earth-Moon system, 
the incoming body would have to strike the Earth 
tangentially at about 10 km/s. This idea has not en- 
countered any serious objections, and computer 
simulations support it (Figure 7-31). 

One key feature of these simulations is that the 
metal-rich core of the impacting body remains in- 
tact and joins up with the Earth’s core; what was 
formerly its rocky mantle remains in orbit. Then 
the chemical differences and similarities of the 
Earth and moon are cleverly taken care of: the sim- 
ilarities arise from the ejected terrestrial material, 
the differences from those of the impacting body. 
The vaporization releases volatiles from the mate- 
rial that forms the Moon, thus explaining their ab- 
sence. The material ejected from the Earth’s mantle 
ensures that the oxygen isotopic abundances 
match. And the angular momentum is accounted 
for properly if the body strikes the Earth at a low- 
speed glancing blow. 

We now turn to the Earth. After the era of ac- 
cretion (which may have lasted but a few million 
years), the Earth was a pockmarked planet (a sur- 
face cratered like the lunar highlands) of roughly 
uniform composition; its atmosphere was mainly 
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Figure 7-31 Computer simulation of a giant im- 
pact formation of the Moon. (A) The impactor, of 
0.14 Earth mass, strikes the Earth with a glancing 
blow at a speed of 5km/s. (B) The impactor 
spreads out into space; its mantle eventually falls 
onto the Earth. (C) The impactor core accretes to 
the Earth about 4h after the collision. (D) A silicate 
lump, mostly from the mantle of the impactor, re- 
mains in orbit to form the proto-Moon. (A.G.W. 
Cameron and W. Benz) 


Proto-moon % 


hydrogen. Radioactive heating then melted the in- 
terior and the core formed. This heating promoted 
degassing from the interior to create a second at- 
mosphere rich in water, carbon dioxide, methane, 
and ammonia. When the Earth’s surface had cooled 
enough, intense rains fell to begin the formation of 
the oceans. Perhaps a billion years after formation, 


plate tectonics began to modify the crust, which 
cooled and thickened. The ocean basins were 
mostly filled. Life developed and modified the at- 
mosphere into the one we have today. Some 200 
million years ago, the continents broke up and 
were driven by plate tectonics into the positions we 
see now. 
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Radiation force 


Fr = (wor 2Ro To c)/d 2 


Poynting-Robertson effect 
t = (7 X 10°)prd? years 


Gravitational accretion 


dM/dt ~ (27Gpo/Vo)MR 
= (2mGpp"/Vo)[(4/3)mR3]R 
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10. 


. What effects do radiation pressure and the Poynting- 


Robertson effect have upon an artificial space 
probe of mean density 1000 kg/m? and radius 1 m? 
Justify your answer quantitatively and state your 
assumptions. 


. At the origin of the Solar System, the Sun’s tidal 


forces and Roche limit might have played an impor- 
tant role. To avoid tidal disruption, what is the min- 
imum density a protoplanet must have at the dis- 
tance d (in AU) from the Sun? Comment upon your 
result. 


. According to theoretical models, 4 billion years ago 


Jupiter may have had a luminosity as high as 
10-7 Lo and a surface temperature of 1000 K. What 
was Jupiter’s radius then if it radiated as a black- 
body? 


. (a) Estimate the present rate at which the Earth is 


accreting interplanetary dust. 
(b) Calculate how long it will take the Earth at this 
rate to increase its mass by 50%. 


. Calculate how fast the Sun would rotate if all the 


angular momentum of the planets were added to it. 


. Compare the gravitational impact parameters for the 


Earth (surface) and for Jupiter (top of atmosphere) 
for bodies falling in at their respective escape 
velocities. 


. Compare the escape velocities from Titan, Dione, and 


Hyperion. Estimate the lifetime of methane on each. 


. Ceres has an infrared flux (at 10 wm) that is four 


times its visible flux. What is the albedo of Ceres? 
What is its radius? 


. Assume the asteroid Herculina has a moon of radius 


100 km, orbiting 1000 km from Herculina. Make both 

bodies rocky. 

(a) Calculate the moon’s orbital period. 

(b) Compare the tidal force of the Sun pulling the 
bodies apart with the mutual gravitational forces 
holding them together. (Hint: Assume that both 
bodies are of the same density.) 


On a clear night, if you are patient and away from 
city lights, you can see about 10 meteors per hour. 
The meteoroid that creates a meteor has a mass of 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


about 1 g and burns about 100 km above the Earth’s 
surface. Estimate the amount of mass of meteoroids 
that enters the Earth’s atmosphere per year. If this 
influx has been constant, how much mass has been 
added to the Earth since it was formed? 


Comet Ikeya-Seki (the great sun-grazing comet of 

1965) had an elliptical orbit with a period of about 

700 years. As it rounded the Sun, the comet had a 

perihelion distance of 0.008 AU. 

(a) How far away from the Sun (in AU) will the 
comet be at aphelion? 

(b) If its perihelion velocity was 500 km/s, what will 
its orbital velocity be at aphelion? 

(c) Make some reasonable assumption about the av- 
erage density of the comet’s nucleus. Did the 
comet pass close enough to the Sun to be ripped 
apart by tidal gravitational forces? (Hint: Work 
out the Roche limit for the Sun.) 


The crushing strength (pressure for material defor- 
mation) for iron meteorites is about 4 x 10®Pa. At 
what size would an iron asteroid have this central 
pressure? What would happen to it if it were this size 
or larger? (Hint: Use the equation of hydrostatic 
equilibrium.) 


Assume that the particles in Saturn’s rings have cir- 
cular orbits ranging from 87 X 103 to 137 x 103 
km from the center of Saturn. 

(a) Calculate the orbital velocities at the inner and 
outer edges of the rings, assuming that they are 
made of individual particles obeying Kepler’s 
laws. 

(b) What resolution (what accuracy in wavelength 
measurement) would a spectrograph have to 
have in order to distinguish between the inner 
and outer edge speeds of the rings? 


Compare the expected brightness of Halley’s Comet 
at 3 AU from the Earth to that at 1 AU. 


Assume that a typical semimajor axis is 50,000 AU 
for a cometary nuclei in the Oort Cloud. What is the 
typical orbital period? 


Compare the characteristics for the ring systems of 
the four Jovian planets. 


(a) The Voyager mission found that Saturn’s moon 
Titan has a substantial nitrogen atmosphere. Cal- 
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culate the ratio of the root-mean-square speed to 
escape velocity of nitrogen in Titan’s atmosphere. 
Make a statement about the implications of your 
result. 

(b) Do the same for Neptune’s moon Triton, which 
was found by Voyager to have a less substantial 
nitrogen atmosphere. 


The Orionid meteor shower is believed to be pro- 
duced by dust in the orbit of Halley’s Comet. What 
is the orbital speed of meteors seen during the Or- 
ionid meteor shower? 


A newly discovered faint asteroid and Mars are ob- 
served at opposition. Mars is observed to be 100 mil- 


20. 


21. 
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lion times brighter than the asteroid. Assume Mars 

and the asteroid are 1.5 and 3.0 AU from the Sun, 

respectively. 

(a) Estimate the radius of the asteroid if it has an 
albedo of 16%, similar to some S-type asteroids. 

(b) Estimate the radius of the asteroid if it has an 
albedo of 4%, typical of C-type asteroids. 


From the information given in this chapter, calculate 
the mass and density of Ida in the Ida/Dactyl binary 
asteroid system. 


In general, the dust tail and the plasma tail of a 
comet point in different directions. Explain. 


T WO 
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Hubble Space Telescope image of the rings of 
ejected material associated with the planetary 
nebula MyCn18. (NASA) 
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W: turn now from planets to stars. The nearest 
star is our own Sun, which shows a visible 
disk. The other stars are mere points of light scat- 
tered across the night sky. How can we study such 
objects? Stars betray their presence by the light they 
emit, and by detecting and deciphering these ra- 
diations we can infer the properties of stars. 

This chapter deals with the characteristics of 
electromagnetic radiation (most familiar in the 
form of visible light), the atomic structure of matter, 
and the all-important interactions between matter 
and radiation. Astronomers handle light in two 
ways: by measuring the total intensity (over se- 
lected ranges of wavelengths) and by dispersing 
the light into a spectrum and examining it in detail. 


8-1) 
ELECTROMAGNETIC RADIATION 


Keeping in mind our ultimate goal of understand- 
ing stars, let’s begin by investigating the nature of 
light as electromagnetic waves; later, we will turn 
to its particle aspect. 
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The Wave Nature of Light 


What is a wave? You are familiar with water 
waves, which are undulatory disturbances travel- 
ling along the surface of the liquid. Place corks 
along the line of the wave’s motion, and you may 
characterize such a wave (a transverse, or up- 
down, wave) by the height : of the corks above the 


average surface level (Figure 8-1) in the mathe- 
matical form 


h = hosin{(2x/A)(x — vt)] (8-1) 


Note that in a transverse wave the disturbance of 
the medium through which the wave travels is per- 
pendicular to the direction of motion of the wave. 
In contrast, a longitudinal wave involves a distur- 
bance that lies along the direction of motion, such 
as the compression of a spring. 

Equation 8-1 represents a sinusoidal wave of 
amplitude ho progressing with time t along the 
positive x axis at the speed v; the distance between 
successive wave crests is called the wavelength 4. 
At a given time (say, t = 0), the corks betray the 
oscillatory pattern 


h = ho sin(27rx/d) (8-2) 


If you observe the cork at x = 0, it rises and falls 
periodically. Note that a given cork completes one 
oscillation in the time A/v second; in 1s, v/A wave 
crests will have passed a given point, and so the 
frequency v of oscillation is just vy = v/A per sec- 
ond. Therefore, we completely characterize such a 
wave by the fundamental relationship 

_ Av=v (8-3) 
For example, water waves of wavelength A = 
5cm moving at a speed v = 10 cm/s will pass a 
given point at a frequency v = 2/s (twice per sec- 
ond). The SI unit for frequency is the hertz (Hz), 
with 1 Hz equaling one cycle per second. 

From Equation 8-3, we see that 


Av=c (8-4) 
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is the fundamental relationship between the wave- 
length and frequency of an electromagnetic wave 
(in vacuum), where c is 299,792 km/s—the speed 
of light. 

Most waves require a material medium in 
which to be transmitted: Water waves travel along 
the surface of water, sound waves move through 
air, and earthquake waves, both compressional 
and transverse, propagate through the solid Earth. 
Electromagnetic waves, however, may propagate 
through a pure vacuum at speed c. What is it 
that is propagating? The space around an electric 
charge may be characterized by an electric field 
vector E, which manifests itself as a force on a test 
charge placed nearby. If an electromagnetic wave 
encounters such a test charge, that charge will os- 
cillate, so that we may ascribe the sinusoidal elec- 
tric field 


E = Ep sin[(2/A)(x — ct)] (8-5) 


to an electromagnetic wave traveling in the positive 
x direction along the x axis. Maxwell’s equations 
say that a time-varying electric field produces a 
perpendicular time-varying magnetic field B, how- 
ever, and so an electromagnetic wave is a self-prop- 
agating disturbance of electric and magnetic fields 
in a vacuum (Figure 8-2). If the electric field always 
oscillates in a single plane, the wave is plane-po- 
larized; otherwise, it is elliptically polarized (a 
special case of which is circular polarization). That 
is, if we write the components of the E vector as 


E, = Ey sin(kz — wt — 6)) 


and 


Ey = Ey sin(kz 


— wot — 52) 


Figure 8-1 A traveling wave. A water 
wave moving with speed v to the right is 
shown at two times, f; and t2. Floating 
corks mark the oscillating surface. 
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c Figure 82 An electromagnetic wave. 
The electric field E and magnetic field B 
propagate at speed c through a vacuum. 
The two fields oscillate perpendicular to 
each other. The front view shows this ori- 
entation for a linearly polarized wave. 


Front View 


then the waves are polarized if 6, — 6) = 
constant. 

Polarization plays an important role in astro- 
nomical observations, and so we deal with it in 
some detail here. Because light is a transverse 
wave, the orientations of the wave amplitude per- 
pendicular to the direction of motion are the pos- 
sible directions of polarization. Most light sources 
are unpolarized, which means that the electric field 
vector vibrates in a random orientation in the plane 
perpendicular to the propagation direction. 

If we consider that the electric field has two 
components in this plane (E, and E,), then the 
phase differences between them determine the kind 
of polarization the wave has. If they are in phase, 
the wave is plane-polarized; if they are not in 
phase, the wave is elliptically polarized; if they 
are 90° out of phase, the wave has a circular 
polarization. 


The Electromagnetic Spectrum 


Light is that class of electromagnetic radiation oc- 
cupying the wavelength range A ~ 390 nm (violet) 
to 720 nm (far red)—the optical spectrum. A wave- 
length A is a length with units of centimeters or 
meters (or kilometers or miles); three convenient 
units of length in astronomy are the micrometer 
(sometimes called the micron), 1 um = 10~® m; the 


nanometer, 1nm = 107-?m; and _ the angstrom, 
A = 107m = 10-4 um (Appendix 7). Electro- 
magnetic waves of different wavelengths (Table 
8-1) are detected in different ways so that we give 
characteristic names to various parts of the electro- 
magnetic spectrum: gamma rays (A < 1073 nm), X- 
rays (1073 to 10 nm), ultraviolet (10 to 300 nm), vis- 
ible light (400 to 800 nm), infrared (1 to 10° um), 
microwaves (1mm to 10cm), and radio waves 
(A = 1cm). Visible light occupies less than one de- 
cade of the 21 decades of wavelength shown in 
Table 8-1, and yet visible light still dominates ob- 
servational astronomy because it easily penetrates 
the Earth’s atmosphere and it is readily perceived 
by the human eye—and so we have a natural bias! 


Reflection and Refraction 


Now to consider some of the properties of light 
that make it possible for us to manipulate it—the 
goal of optics. A ray (or beam or pencil) of light 
falling upon a mirror is reflected in accordance with 
the rule (Figure 8-3) that the angle of reflection r 
equals the angle of incidence i. Note that these an- 
gles are defined with respect to the normal (perpen- 
dicular) to the reflecting surface. Reflecting tele- 
scopes utilize the law of reflection to collect, direct, 
and focus light. 


FTABLE 8-1] cam The Electromagnetic Spectrum 


Energy or Type of 
Wavelength Frequency _ Radiation 
1076 nm 1240MeV Gamma rays 
10> nm 124.0MeV Gamma rays 
1074+ nm 12.4 MeV Gamma rays 
10-3 nm 1.24 MeV Gamma rays 
10-2 nm 124 KeV X-rays 
107? nm 12.4 KeV X-rays 
10nm=10°9m_ 1.24KeV Ultraviolet 
10nm 124 eV Ultraviolet 
100 nm 12.4eV Ultraviolet 
1000nm =1pm_ =  1.24eV Optical 
10 wm 0.124 eV Infrared 
100 wm 0.0124 eV Infrared 
1000 um = 1mm _ 0.0012 eV Infrared 
10mm = lcm 30,000 MHz Microwave (radar) 


10cm 3000 MHz UHF 

100 cm = 1m 300 MHz FM 

10m 30 MHz Short-wave radio 
100 m 3 MHz Short-wave radio 
1000 m = 1km 300 kHz Long-wave radio 
10 km 30 kHz Long-wave radio 
100 km 3 kHz Long-wave radio 


When light is reflected, both the incident and 
reflected waves travel in the same medium at the 
same speed, but what happens when light passes 
from one medium into another? The speed of light 
v ina medium is generally different from the speed 
of light c in a vacuum. We may characterize a given 
medium by its index of refraction: n = c/v. The 
index of refraction of air is n = 1.0003, which is 


Se 


Figure 8-3 Reflection of light. The angle of incidence i 
equals the angle of reflection r. 
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Figure 8-4 Refraction of light. The line AB represents 
a plane wavefront incident on the interface between me- 
dium 1 and medium 2 with angle of incidence i. Point A 
travels to A’ in time At, a distance of v2 At. Point B travels 
v, At. The ray of light is bent across A’B’. 


practically the same as that of a vacuum (n = 
1.0000). Crown glass, however, hasn = 1.5, and so 
in this medium v = 2c/3 ~ 2 X 10°km/s. Light 
passing from a medium with index of refraction 
n, into a medium with index nz is bent, or refracted, 
in accordance with Snell’s law (Figure 8-4): 


nm, sini = n2sinr (8-6) 


where i is the angle of incidence in medium 1 and 
r is the angle of refraction in medium 2 (both with 
respect to the normal to the interface between the 
media). A refracting telescope uses refraction 
guided by lenses to make images. 

In general, the index of refraction of a medium 
depends upon wavelength: n = n(A). That is, light 
of different wavelengths (or colors) is refracted 
through different angles r(A) when the incident 
beams all have the same angle of incidence i. So an 
incident mixed (white) beam is dispersed into sep- 
arate beams of pure colors, as Newton demon- 
strated. This phenomenon of dispersion enables us 
to decompose light into its component colors—in 
the form of a spectrum—and is the basis of 
spectroscopy. 


Diffraction and Interference 


When water waves encounter an island, they dif- 
fract around the sides of the island to converge, and 
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when these converging waves meet one another, 
they interfere. In the case of sound waves, we are 
also familiar with these phenomena of diffraction 
(sound bends around sharp corners) and interfer- 
ence (recall the silent spots in a large auditorium). 
Light exhibits these same phenomena, which are 
understandable in terms of a wave model. 

Consider the situations where light waves meet 
an opaque wall having one or two apertures, with 
a viewing screen placed beyond (Figure 8-5). The 
sharp images of the apertures, which we expect to 
see on the viewing screen, are distorted (a) by the 
diffraction and spreading out of the light waves 
and (b) by the constructive and destructive inter- 
ference of different light waves. We may under- 
stand both processes by considering how the inten- 
sity patterns at the viewing screen are formed. The 
intensity I of light is proportional to the square of 
the electric field: 


I « |E? (8-7) 


At an arbitrary point on the viewing screen (Figure 
8-5B), the electric field of the wave is given by 
Equation 8-5: 


E = Eo [sina + sin(a + b)] (8-8) 


where a refers to the wave from one aperture and 
a + b to the wave from the other aperture. The 
phase shift b corresponds to the difference in path 
lengths from the apertures to the point on the view- 
ing screen. From Equation 8-8, the intensity is 


I « Ep*[sinta + sin2(a + b) 
+ 2sinasin(a + b)] (8-9) 


ae 
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The first two terms on the right are just the inten- 
sities attributable to the separate apertures; the 
third term is responsible for the oscillatory inter- 
ference pattern on the screen (as b changes with 
position). 

Every point within the single aperture (Figure 
8-5A) contributes to the diffraction pattern at the 
viewing screen. Application of Equations 8-7 and 
8-8 shows that the angular width 6 of the principal 
diffraction image is 


6~ A/a (8-10) 


where 6 is in radians, A is the wavelength of the 
light, and d is the size of the aperture. No optical 
image can be smaller than the diffraction limit of 
Equation 8-10, and so we say that this is the opti- 
mum angular resolution of the system. For exam- 
ple, the approximate resolution of a telescope of 
aperture d = 1 m viewing light of wavelength 500 
nm is 

6 ~ (500 nm)/(10? nm) = 5 X 1077 rad 


0.1 arcsec 


This theoretical resolving power is usually not 
achieved by a ground-based telescope because of 
turbulence in the Earth’s atmosphere. 


The Doppler Effect 


So far we have considered waves where both the 
source and the observer are at rest. When either is 
in motion along the line connecting them, both the 
wavelength and the frequency of the wave are al- 
tered by the Doppler effect, named for the Aus- 


Intensity 
> Pattern 


Figure 8-5 Diffraction and interfer- 
ence. (A) Diffraction of light waves 
with a single slit. (B) Interference of 
light waves with two slits. The inten- 
sity peaks where the wavefronts con- 
structively reinforce. 


trian physicist C.J. Doppler (1803-1853). You are 
familiar with the Doppler phenomenon in water 
and air waves; for example, as a police car with its 
siren blaring approaches, the pitch (frequency) of 
the sound is high, but the frequency drops notice- 
ably to a lower tone as the car passes you and then 
recedes. 

Most familiar wave motions are associated 
with a material medium, which may complicate the 
picture by itself being in motion. Let’s consider 
electromagnetic waves propagating in a vacuum. 
Armand Fizeau (1819-1896) correctly explained the 
classical Doppler effect of light in 1848, and Albert 
Einstein gave the relativistic explanation in 1905. 

Imagine a light source E (Figure 8-6) receding 
at speed v from an observer O while emitting ra- 
diation of wavelength Ap and frequency v. In the 
time t = 1/vp, one wavelength (Ag) emerges from 
the source but, as seen by the observer, that wave 
has the length 


A=(c + vjt = c{1 + (v/c)]/v0 


= Ag{1 + (v/c)] (8-11) 


because the source has traveled the distance vt to 
the right. Note that the fundamental Equation 8-4 
has been used in the last equality. The observed 
frequency is 


v = c/A = vo/[1 + (v/c)] 


so thatA > Agand v < vgand the light is redshifted 
(that is, shifted to longer wavelengths, or toward 
the red). When the source approaches the observer, 
v changes sign to give A < Ag and v > vo, and the 
radiation is blueshifted. 

From Equation 8-11, we extract the wave- 
length shift, AA/Ao 


(8-12) 


(8-13) 


AA/Xo = (A = Ao)/Ao = v/c 


eee 


Figure 8-6 The Doppler effect. An observer at O sees 
a wave emitted by a source E moving at speed v to the 
right. 
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Remember that the sign of v is positive for reces- 
sion and negative for approach. 

When v approaches c, Einstein’s theory of spe- 
cial relativity must be used. The two basic postu- 
lates of this theory are (1) the speed of light is in- 
dependent of the motion of either source or 
observer and (2) only relative motions are observ- 
able. So v is the relative speed of the source and the 
observer, and no relative speed greater than the 
speed of light is possible (v = c). Equations 8-11 
and 8-12 then necessarily take the symmetrical 
forms 


(8-14a) 
(8-14b) 


A 


Vv 


Aol(1 + v/c)/(1 — v/c)]/? 
vol(1 — v/c)/(1 + v/c)}/? 
The nonrelativistic shift in wavelength (Equation 


8-13) follows from Equation 8-14a in the limit 
when v < c. 


@ The Quantum Nature 
of Light: Photons 


At the beginning of the 18th century, Newton pro- 
posed a particle theory of light, but it was not until 
the end of the 19th century that the particle- 
like manifestations of light began to appear in 
experiments. 

Light is neither a particle nor a wave, but it can 
manifest itself as either one or the other! This ap- 
parently paradoxical behavior explains such phe- 
nomena as the photoelectric effect, Compton scat- 
tering, and blackbody radiation [Section 8-6(A)]. In 
addition, the interaction of light with atoms and 
molecules is understandable only if electromag- 
netic energy propagates in the form of discrete 
bundles, which we call photons or quanta. The en- 
ergy of a light quantum E is proportional to the 
frequency characterizing the light wave: 


E = hv (8-15) 


whereh = 6.626 X 10734J - sis knownas Planck’s 
constant. We may crudely picture a classical light 
wave of wavelength A and frequency v as com- 
posed of many quanta, each with the energy given 
in Equation 8-15. 


Intensity Versus Flux 


In detecting the energy (or counting the photons) 
coming from a distant light source, we must be 
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careful to distinguish between intensity and flux. 
Intensity depends upon direction, in the sense that 
the intensity I of a source is the amount of energy 
emitted per unit time At, per unit area of the source 
AA, per unit frequency interval Av, per unit solid 
angle AQ in a given direction. The solid angle (Fig- 
ure 8-7A) of the beam is related to the area Aa in- 
tercepted by the beam at the spherical surface of 
radius r by 


AQ = Aa/r?2 (8-16) 


The dimensionless unit of the solid angle is the 
steradian (sr), with the entire spherical surface 
subtending 47 sr—since Aa = 4mr? for the sur- 
face area of a sphere. (A steradian is essentially 
lrad?; since lrad = 57.3°, lsr = 3283 square 
degrees of arc.) Common units of intensity are 
W/m? - Hz : sr. For example, the total energy per 
second from a spherical star of surface area A, 
which astronomers call luminosity L, is just 


L= an | A I(v)dv 
0 


where [(v) is called the monochromatic intensity, 
the intensity at a specific frequency per unit area 
per unit time per unit solid angle in a specific di- 
rection; L is in watts. Note that the intensity I is 
related to the monochromatic intensity by 


r= | I(v)dv 
0 


Flux F relates directly to what we measure with 
a telescope. The monochromatic flux of energy 
through a surface (or into a detector) is the amount 
of energy per unit time passing through a unit area 
of the surface per unit frequency interval: F(v) = 
energy/AA - At - Av (Figure 8-7B). Hence, the unit 
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of monochromatic flux F(v) is W/s « Hz. For ex- 
ample, if a star emits energy at the rate L (in watts), 
then the flux of energy (in W/m?) through a con- 
centric spherical surface of radius R is 


F = L/AAnR? (8-17) 


Equation 8-17 is a form of the well-known inverse- 
square law for the diminution of radiant flux with 
distance. Note that the total flux F is related to the 
monochromatic flux by 


F - | F(v)dv 
0 


We may relate intensity and flux by noting that 
the energy passing through a certain area is com- 
posed of beams entering at different angles to the 
normal to the surface; to a beam entering at the 
angle 6, the surface area appears reduced by a fac- 
tor cos 6, so that 


4a 
Fv) = | I(v, 6) cos 6dQO, 
0 


Note that the intensity is independent of distance, 
while flux depends on the inverse square of the 
distance. For instance, if we measure the Sun’s flux 
with a telescope from the Earth and then from 
Mars, we find it decreases by (1/ 1.5)*, or 44%. But 
if we are looking at a specific area of the Sun’s disk, 
the measured intensity is the same from both 
planets. 


8-2 
ATOMIC STRUCTURE 


If we divide matter into smaller and smaller pieces, 
we find that at scales near 107!°m, all forms of 


Figure 8-7 Intensity and flux. (A) The intensity of 
light depends upon direction 6 and solid angle AQ. 
(B) Flux depends only upon the energy passing 
through an area AA per unit time. 


matter are composed of atoms (and molecules, 
which are bound aggregates of atoms). An elemen- 
tal substance, such as gold, consists solely of atoms 
of the element gold; there are but 92 natural ele- 
ments (hydrogen to uranium; Appendix 5), but this 
list has been extended to 109 with the addition of 
the synthetic transuranic elements. 


Atomic Building Blocks 


What is an atom, and how may we characterize the 
elements? An atom is composed of a small nucleus, 
which contains most of the atom’s mass in a size 
of the order of 107m, surrounded by a diffuse 
cloud of electrons extending out to about 107!? m. 
The atomic nucleus consists of protons and neu- 
trons bound together by the strong interaction. 
These three elementary particles—the proton, the 
neutron, and the electron—are the fundamental 
building blocks of an atom. Table 8-2 lists the im- 
portant parameters of each. Both the proton and 
the neutron are about 2000 times more massive 
than the electron. The neutron is uncharged, and 
the proton (positive) and the electron (negative) 
have electric charges of opposite sign and equal 
magnitude e = 1.602 x 107? coulomb (C). A nor- 
mal neutral atom consists of an equal number of 
protons and electrons, with approximately the 
same number of neutrons as protons (for the lighter 
elements); so an element is determined by the num- 
ber of protons Z (called the atomic number) in the 
atomic nucleus. Heavier elements have a higher 
proportion of neutrons. For example, hydrogen 
(Z = 1) is one electron orbiting one proton; ura- 
nium (Z = 92) has 92 protons and 92 electrons, 
with about 146 neutrons in its nucleus. 

A given element may exist in several different 
forms, called isotopes. All isotopes of an element 
have the same atomic number but differing num- 


ITABLE 8-2] My Properties of Atomic Particles 


Mass Electric 


Name Mass (kg) (electron mass) Charge 
Proton 1.6725 x 10-27 1836 +e 
Neutron 1.6748 x 10727 1838 0 
Electron 9.1091 x 1073! 1 -e 
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bers of neutrons (N). We term the different isotopic 
nuclei nuclides. To characterize a nuclide, the no- 
tation “*NX or 4X is used, where X is the symbol 
of the element having Z protons and A = Z + N 
is the atomic mass (number of protons plus neu- 
trons). For example, three isotopes of hydrogen are 
known: ordinary hydrogen, !H; deuterium, 7H; and 
tritium, 3H. The mass of an atom is conveniently 
given in terms of atomic mass units (amu); the stan- 
dard is 1*C, which has a mass of exactly 12 amu. 
Since 1 amu is essentially the mass of a proton, an 
atom’s mass is nearly A amu. When atomic masses 
are tabulated (Appendix 5), they frequently are not 
integers because it is the average mass of the nat- 
urally occurring isotopes that is being listed. 


@ The Bohr Atom 


What dynamical configuration of electrons about a 
nucleus leads to a stable atom? Because the attrac- 
tive electric force between a proton and an electron 
(Coulomb’s law) obeys an inverse-square law, sci- 
entists envisaged electrons orbiting the nucleus. 
Electrons are charged particles, however, and 
charged particles radiate energy when they are ac- 
celerated (in circular orbit). So the very property 
that permits a bound atom should cause it to col- 
lapse almost at once because the electron’s orbit 
would decay from the loss of energy! In 1913, Niels 
Bohr (1885-1962) advanced a simple theory that of- 
fered a way out of this problem; it resulted in the 
modern theory of quantum mechanics in the 
1920s. Let’s discuss Bohr’s atomic theory and apply 
it to the hydrogen atom (which it accounts for 
well). 


Quantized Orbits 


In 1911, Sir Ernest Rutherford (1871-1937) pro- 
posed the nuclear model of the atom. Bohr spent a 
year with Rutherford and then stated two astound- 
ing postulates that breathed life into atomic theory. 
Of the infinite number of possible electron orbits in 
Rutherford’s model, Bohr first postulated that only 
a discrete number of orbits are allowed to the electron 
and when in those orbits, the electron cannot radiate. 
The permitted orbits are those in which the orbital 
angular momentum of the electron is an integral 
multiple of h/27, where h is Planck’s constant. 
Let’s apply Bohr’s postulate of quantized orbits 
to an electron in a circular orbit of radius r about 
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a nucleus of charge Ze. The centripetal force main- 
taining the orbit (where m is the electron’s mass) 


mv2/r 


is provided by the coulombic attraction between 
the electron and the nucleus 


(kZe)e/r? 


where k = 1/47re9 = 8.99 X 109N + m2/C? in SI 
units. Equating these gives 


mo7/r = (kZe)e/r? 


But Bohr’s postulate implies the additional con- 
straint 


mor = n(h/2z7) n= 1,2,3,... (8-18) 
Combining these equations, we find 
r = kZe?/mv? = nh/2mmv 
or 
r = n*(h?/42? me?kZ) (8-19) 


Therefore, the permitted discrete orbits occur at 
geometrically increasing (n*) distances, with the 
smallest Bohr orbit occurring when the principal 
quantum number n equals unity. 

We may now find the total energy E of these 
orbits. If E is negative, the system is bound and 
we have an atom. We know that E = kinetic 
energy + potential energy, where the potential en- 
ergy for an atom is 


r 2 
PE = [ a 


so that 


E = (mv?/2) — (kZe2/r) (8—20) 


By using Equations 8-18 and 8-19 to evaluate 
Equation 8-20, we find 


E(n) = —(2m?me*k?Z*)/n2h? (8-21) 
(That these energies are negative indicates that the 
orbits are bound.) The smallest Bohr orbit (n = 1) 
is the most strongly bound, and all orbits are 
bound until n —» © where E — 0. ForE >0,a 
continuum of unbound orbits is available to the 
electron. 
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Quantized Radiation 


Bohr’s second postulate concerns the absorption 
and emission of radiation by an atom—the funda- 
mental interaction between matter and radiation. 
According to the first postulate, the electron cannot 
radiate while in one of the allowed discrete orbits, 
and so the second postulate states that (a) radiation 
in the form of a single discrete quantum is emitted or 
absorbed as the electron jumps from one orbit to another 
and (b) the energy of this radiation equals the energy 
difference between the orbits. 

When an electron makes a transition from a 
higher orbit 1, to a lower orbit mp, a photon is emit- 
ted. The energies of this process may be symbol- 
ized by ; 


E(ng) = E(ny) + hv (emission) (8-22a) 


where n, > ny. For the electron to make a transi- 
tion from the lower orbit to the upper orbit, the 
atom must absorb a photon of exactly the correct 
energy: 


E(n,) + hv = E(n,) 


In both cases, the frequency of the photon involved 
is (Equations 8-15 and 8-21) 


Vab = [E(na) — E(np)|/h 
= (2a? me*k?/h*)Z7[(1/ny*) — (1/nq?)] (8-23) 


Note that only one quantum is emitted or ab- 
sorbed, even if ng > ny + 1; the electron may jump 
over several intermediate orbits. On the other 
hand, an electron may cascade to the lowest orbit, 
emitting several photons of different energy as it 
jumps through a series of adjacent orbits. The low- 
est orbit, called the ground state, corresponds to 
n= 1. 


(absorption) (8-22b) 


The Bohr Model of the 
Hydrogen Atom 

Now to apply Bohr’s picture to the simplest atom, 
hydrogen (Z = 1), with its single electron. The elec- 
tron’s permitted orbital energies are, from Equation 
8-21. 
E(n) = —(2m?me*k?/h?)(1/n?) = 

—R'(1/n?) (8-24) 
where R’ = 2.18 X 10718J incorporates all the 
other constants. 


It is convenient to express Equation 8-23 in 
terms of the wave number (reciprocal wavelength): 


1/Agb = Vay/c = (R/ch)(1/ny? — 1/ng?) 
= R(1/n,? — 1/n,*) (8-25) 


The Rydberg constant R(= R/ch) has the value 
10.96776 m7 for hydrogen. In the case of a dif- 
ference of one level, where n, = n, — 1, then 


1/Agp = R[1/n,? — 1/(n» — 1)?] 
= R{(nj2 — 2n, + 1 — ny?)/[n? — 1} 
oS, 2R/n,> 


Equation 8-25 says that there is a series of 
wavelengths of each value of n, when we consider 
a sequence of increasing values of n, beginning 
with n, = np + 1 (Figure 8-8). Transitions of the 
Lyman series (in the ultraviolet) all have the 
ground state (n,» = 1) as their lowest orbit, with 
nN, > 2. The visible spectral lines of the Balmer se- 
ries have nm, = 2 and n, = 3. Other important se- 
ries are the Paschen, Brackett, and Pfund series, 
with np = 3, 4, and 5, respectively. All these series 
are named for the physicists who first observed the 
spectral lines corresponding to the indicated 
transitions. 


Balmer Series 
(absorption) 


Lyman 
Series 
(emission) 


Balmer 
Series 
(emission) 


Paschen Series 
(emission) 


4 5 


Figure 8-8 The Bohr model for hydrogen. The orbitals 
are the stable energy levels of the electron, from n = 1 
(ground state) and up. Shown are the sequences of elec- 
tronic transitions for the Balmer (absorption and emis- 
sion), Lyman, and Paschen series. 
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The first hydrogen lines discovered were the 
Balmer series (ny = 2), and they are designated Ha 
for ng = 3, HB for ng = 4, Hy for ng = 5, and so 
forth. Use Equation 8-25 to compute the wave- 
length of the Ha line, which corresponds to n, = 
2 and n, = 3: 


1/Atia = 10.96776(1/4 - 1/9) um 
1.52330 um7! 


Ave = 656.3 nm 


ll 


Similarly, the Lyman-a line (mn) = 1, ng = 2) has 
the wavelength 121.6 nm (in the ultraviolet). 


@® Energy-Level Diagrams 


We must warn you that Bohr’s simple theory is an 
approximation of the actual dynamics of atomic 
phenomena. The theory encounters insurmount- 
able difficulties when extended to atoms more 
complicated than hydrogen, and the full mathe- 
matical machinery of quantum mechanics is nec- 
essary to understand atoms in detail. 

Atomic particles (such as electrons) also exhibit 
a wave nature, just as photons do; hence, an inher- 
ent uncertainty exists in both the position and the 
velocity of an electron (the Heisenberg uncertainty 
principle). The electron in the hydrogen atom may 
be portrayed as a cloud surrounding the proton, 
with the most probable position of the electron be- 
ing one of the Bohr orbits. A multielectron atom 
has several such clouds, with the electrons tending 
to occupy fuzzy shells about the nucleus. The sim- 
plest shells are spherical, but in general more com- 
plicated shapes occur. 

We will sidestep the sophistications of quan- 
tum mechanics in this book by abandoning spatial 
models of atoms. Instead, we represent atoms ab- 
stractly by means of an energy-level diagram (Fig- 
ure 8-9). Such a diagram is directly related to 
atomic transitions, and so it can be constructed 
even for complicated atoms. As an example, con- 
sider the energy-level diagram for hydrogen. The 
permitted energies of a bound electron in the hy- 
drogen atom (Equation 8-24) are negative. Because 
we observe the positive-energy photons corre- 
sponding to electronic transitions, let’s normalize 
to a positive energy scale by subtracting the 
ground-state energy E(1) from all energies E(n) to 
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obtain 
E(n) = R'[1 — (1/n?)] 


Note that E(1) now equals zero. Change our energy 
units to electron volts, where 1eV = 1.602 Xx 
1071? J. The electron volt is the energy acquired by 
an electron (or any particle of charge e) when ac- 
celerated through a voltage difference of 1 V; this 
unit is convenient in atomic and particle physics. 
Then 


E(~) = R’ = 218 x 1078] = 13.6eV 


The energy levels for several values of n are shown 
in Figure 8-9 [E(1) = 0, E(2) = 10.2eV, E(3) = 
12.1 eV, and so on]. When the atom is in any level 
above the ground state, it is in an excited state, and 
the energy of such a level is called its excitation 
potential. To reach a higher level, the atom must 
be excited—an excessive energy of excitation leads 
to ionization—and in dropping back toward the 
ground state, the atom is then de-excited. Note that 
the energy difference between two levels, m and n, 
is, for hydrogen atoms, 


E(n) — E(m) = R'(1/n? — 1/m?) 


Excitation 


An atom may be excited to a higher energy level 
in two ways: radiatively or collisionally. Radiative 


Paschen Series 


Ground State 
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Figure 8-9 Hydrogen energy- 
pes level diagram. Transitions for 
13.6 eV the first three hydrogen series 
ee me are shown in emission. On the 
12.07eV __left are shown the general types 

of transitions for absorption, 
10.19evy emission, and ionization. The 
First excited state levels here are drawn to scale. 


Py Pg Py 


E,=0eV 


excitation occurs when a photon is absorbed by the 
atom; the photon’s energy must correspond exactly 
to the energy difference between two energy levels 
of the atom. This process produces absorption 
lines superimposed on a background continuous 
spectrum (Section 8-6). 

An atom generally remains in an excited state 
for only an extremely short time (about 1078 s) be- 
fore re-emitting a photon. How then can an ab- 
sorption line be produced? Recall that the electron 
may cascade through several energy levels on its 
way to the ground state, and so several lower- 
energy photons may be emitted for each photon 
absorbed. The input wavelength is converted to 
longer wavelengths, depleting the spectrum at the 
input wavelength. Also (Figure 8-10), the absorbed 
photons come predominantly from one direction, 


‘ the direction of their source, whereas the emitted 


photons can travel away in any direction. Hence, 
fewer photons at the absorption wavelength reach 
an observer than photons at other wavelengths. An 
absorption line is darker than an unabsorbed con- 
tinuum but not completely black because some 
photons of the critical wavelength still reach the 
observer. 

Collisional excitation takes place when a free 
particle (an electron or another atom) collides with 
an atom, giving part of its kinetic energy to the 
atom. Such an inelastic collision does not involve 


hv photons 


Continuous 
Radiation 


Absorbing 
Atoms 


hv’ photons 


Continuous 
Radiation 


8-2 Atomic Structure 163 


(Absorption) 


} Observer (A) 


(Transmission) 


} Observer (B) 


Figure 8-10 Absorption of light. (A) If E is the excitation energy of an atom, then only 
photons with this energy (= hv) can be absorbed. (B) Photons with energy E’ = hv’ cannot 
be absorbed and reach an observer through the cloud. 


any photons. A particle approaching the atom with 
speed v; and leaving with speed vy has deposited 
the energy E = m(v? — vf)/2 with the atom; if E 
corresponds to the energy of an electronic transi- 
tion, the atom is collisionally excited to a higher 
state. Such an excited atom returns to its ground 
state by emitting photons, producing an emission 
line spectrum in the process. 


De-excitation 


Atoms are always interacting with the electromag- 
netic field. This interaction causes an excited atom 
to jump spontaneously to a lower energy level 
(de-excite) in a characteristic time of order 10-8 s. 
Because a photon is emitted, we call the pro- 
cess radiative de-excitation. Another form of 
de-excitation, where the phenomenon is not an- 
nounced by a photon, is collisional de-excitation; 
this is the exact inverse of collisional excitation, for 
the colliding particle gains kinetic energy in the ex- 
change (a superelastic collision). In astrophysical 
situations, these two modes of de-excitation com- 
pete with one another. 

Although most spontaneous downward tran- 
sitions occur on short time scales, certain transi- 
tions—because of quantum mechanical rules—take 
place much more slowly. These transitions are 
called forbidden transitions and result in forbid- 
den lines. They usually involve jumps from excited 
metastable states to the ground state of an atom. 
Under most conditions, collisions de-excite the 


metastable state before it loses energy by a radia- 
tive process. Hence, forbidden lines usually are 
produced when gas densities are low, so that the 
chances of collision are small during the time 
interval between excitation and radiative de-ex- 
citation. 


lonization 


With sufficient energy (either radiative or colli- 
sional) to liberate an electron from a neutral atom, 
the atom is ionized. Schematically, this reaction is 


X + energy > X* +e7 


where X represents the atom. To denote neutral hy- 
drogen (with no electrons removed), we write H or 
HI, where the Roman numeral I signifies the neu- 
tral state; similarly, for neutral helium, He or He I. 
The singly ionized atom (with one electron re- 
moved) is in its first ionization state, such as 
H* = HII or He* = Hell. Hydrogen possesses 
but one electron and so may not be ionized beyond 
H II, but we can have O** = OTII (doubly ionized 
oxygen) and O*t*t = OIV (oxygen with three 
electrons removed). For high stages of ionization 
(such as Fe XIV), the Roman numeral system is 
more common in astronomy than the multiple-sign 
convention. 

The energy required to ionize an atom depends 
upon the ionization state of the atom, the particular 
electron to be liberated, and the excitation levels of 
that electron. For simplicity, consider the hydrogen 
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atom with its sole electron. An electron in the 
ground state (n = 1; Figure 8-9) is removed from 
the atom when we supply it the energy 
E = 13.6 eV (the ionization potential); note that a 
continuum of energy states is available to the free 
electron above E(n = ©). If the electron is in the 
first excited state (n = 2), it will be freed when 
given energy E = E(~) — E(2) = 13.6 — 10.2 = 
3.4 eV. In general for hydrogen, the ionization po- 
tential for an electron in excitation level n is 


IP(n) = E(~) — E(n) = 13.6/n2eV (8-26) 


The kinetic energy available to the departing elec- 
tron is the difference between the energy provided 
and the ionization potential (E — IP). 

Radiative ionization (by photons) leads to spec- 
tral absorption continua because an infinite number 
of states are available above the ionization level. 
For example, hydrogen atoms in the ground state 
absorb discrete-wavelength photons to produce the 
Lyman absorption series, but this series ends at the 
series limit A = 91.2 nm. For wavelengths shorter 
than the series limit, we observe the Lyman ab- 
sorption continuum, corresponding to photons 
that can ionize hydrogen from its ground state. 
Similarly, the Balmer, Paschen, Brackett, and Pfund 
series limits and their associated absorption con- 
tinua for ionizations arise from levels n = 2, 3, 4, 
and so forth. 

Free electrons can recombine with ions by 
emitting a photon of the appropriate energy. Be- 
cause this process is just the reverse of ionization, 
the various hydrogen emission series may end in 
an emission continuum if the conditions are right. 


8-3 
THE SPECTRA OF ATOMS, IONS, 
AND MOLECULES 


Atomic Spectra 


In multielectron atoms, quantum mechanics and 
the Pauli exclusion principle dictate that only two 
electrons may occupy the innermost shell, eight the 
next, 18 the third, and so on. When a shell contains 
the maximum allowed number of electrons, it is 
filled; in this case, the atom is extremely stable and 
hard to excite (helium, neon, argon, . . .). Innermost 
shells tend to be the first to be filled with electrons, 
and any excess electrons (valence electrons) are avail- 
able for chemical interactions. For example, cal- 
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cium (with 20 electrons) acts as if there are only 
two electrons in the outermost shell since the two 
inner shells (2 + 8) are closed and eight of the elec- 
trons in the third shell form two subshells (2 + 6). 

Filled shells and subshells are tightly bound 
and shield the nucleus from the outer electrons, 
and so these valence electrons are only lightly 
bound (easily excited and ionized). The spectra of 
atoms with one outer electron, such as lithium and 
sodium, are similar to that of hydrogen but do 
show the effects of the inner closed shells. Atoms 
with more than one outer electron have increas- 
ingly complex spectra. To illustrate the various 
possibilities in the periodic table, Table 8-3 lists, 
for several representative atoms, (1) the excitation 
potential of the first excited state, (2) the ionization 
potential from the ground state, and (3) the wave- 
lengths corresponding to these transitions. 


@ lonic Spectra 


Ions possessing at least one bound electron behave 
spectrally just like neutral atoms: they may be ex- 
cited, de-excited, and ionized further. Except for 
overall wavelength modifications imposed by the 
greater charge of the nucleus, the spectrum of an 
ion closely resembles that of a neutral atom with 
the same number of outer electrons. 

Consider ions with one electron remaining, 
such as He II, Li If], O VIII, and even Fe XXVI, 
which is called an isoelectronic series. The Bohr 
wave number relationship for these cases is 


1/Agp = RZ2(1/n,? — 1/n,*) (8-27) 


Here Z equals the value of the ionization state. By 
analogy, each such ion exhibits Lyman, Balmer, 
and the other series, but the wavelengths differ 
from those of the hydrogen spectral lines by a fac- 
tor of Z~. So the He II Lyman-a line lies at 30.4 
nm instead of 121.6 nm (since Z = 2). The mass of 
the nucleus also affects the sequence of levels so 
that 


R = R'[1/(. + m/M)] = pR/M 


where wu is the reduced mass. 


Molecular Spectra 


Molecules are formed when atoms bind together 
(by the electric chemical bond). Quantum mechan- 
ics applies to such a union, and three types of dis- 
crete energy levels are exhibited by molecules. (1) 
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TTABLE 8-3] seem Excitation and lonization Potentials for Some Atoms 


Atom/lon 


Hydrogen (1 e) 


Helium (1 closed 


shell) 


Lithium (1 filled 
shell, 1 outer e) 


Neon (2 filled 
shells) 


Sodium (2 filled 


shells, 1 outer e) 


Magnesium (2 filled 
shells, 2 outer e) 


Calcium (2 filled 


shells, 2 filled 


Excitation lonization 
Potential* Potentialt Aseries limit 
(eV) A (nm) (eV) (nm) 
10.2 121.6 13.6 91.2 
20.9 58.4 24.5 48.8 
1.8 670.8 5.4 225.0 
16.6 73.5 21.5 57.6 
2.1 589.0 5.1 243.0 
2.7 457.1 7.6 163.0 
1.9 657.3 6.1 203.0 


subshells, 2 outer e) 


“From ground state to first excited state. 


‘From ground state of neutral atom. 


Electronic energy states are in the combined elec- 
tron cloud surrounding the nuclei. Electronic tran- 
sitions similar to those in an atom can take place 
between these states, leading to excitation, de- 
excitation, and ionization of the molecule (such as 
H, — H»2*t + e’). (2) The internuclear distances 
are quantized in discrete vibrational energy states, 
with consequent vibrational transitions. When the 
separation becomes so great that the atoms are no 
longer bound together, we say that the molecule 
has dissociated. (3) A molecule may rotate about 
various axes in space, resulting in discrete rota- 
tional energy states. 

We will illustrate the concept of rotational mo- 
lecular spectra with the example of the carbon 
monoxide (CO) molecule—one of the most com- 
mon in interstellar space. Consider a two-mass ro- 
tator with two masses M and m separated by a 
distance r, spinning at angular velocity w with mo- 
ment of inertia I. The rotational energy is 


E = Iw?/2 = pr*w?/2 
where yu is the reduced mass of the system 


w= mM/(m + M) 


Now, the rotational states of molecules are quan- 
tized so that the angular momentum can have only 
discrete values given by 


Iw = (h/2m)J 


where J is the total angular momentum quantum 
number. As in atoms, angular momentum is quan- 
tified; so J is an integer. Then the energy states cor- 
responding to the possible states of J are 


E = (h/2m)2)(J + 1)/2pr? 


For CO, the most commonly observed transitions 
are from J = 1 to 0 and from 2 to 1. The farmer 
corresponds to a frequency of 115.2712 GHz, the 
latter to 230.5424 GHz. 

The three classes of molecular transitions lead 
to numerous spectral lines superimposed upon one 
another. Since the vibrational and electronic tran- 
sitions involve small differences in energy (usually 
much less than 1 eV), their spectral lines are closely 
spaced in wavelength and appear as bands. Mo- 
lecular spectra are much more complex than atomic 
spectra, but they are easily recognized by their 
banded structure. 
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8-4 
SPECTRAL-LINE INTENSITIES 


Let’s now discuss the strengths of emission and ab- 
sorption spectral lines (Figure 8-11). The intensity 
of an emission line is proportional to the number 
of photons emitted in that particular transition. 
Similarly, the strength of an absorption line relative 
to the adjacent continuum depends upon the num- 
ber of photons absorbed. 

An absorption line is never infinitely sharp. It 
exhibits a profile, the intensity (residual radiation 
in terms of the continuum as unity) of which varies 
with wavelength (Figure 8-11). If we represent the 
distribution of energy with wavelength on a two- 
dimensional diagram (like that of Figure 8-11), we 
may measure an area in the A, I plane. The total 
strength of a line is proportional to its area, which 
may be represented by the line’s equivalent width 
(Figure 8-12). We replace the area of the line pro- 
file by a rectangle of equal area, with one dimen- 
sion of the rectangle being the height of the contin- 
uum and the other dimension being the equivalent 
width (usually in milliangstroms, mA, in optical as- 
tronomy). Note that the equivalent width increases 
with the strength of the line. When the center of 
the line profile reaches zero intensity, we say that 
the line has become saturated; any further increase 
in the equivalent width comes only from the wings 
of the line. Various physical processes result in the 
broadening of spectral lines; these are presented in 
detail in Section 8-5. 


Excitation Equilibrium: 
Boltzmann’s Equation 
The equivalent width of the spectral line depends 


directly upon the number of atoms in the energy 
state from which the transition occurs. So we 
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Figure 8-12 Equivalent width. The area of rectangle b 
is identical to that of line profile a. The width (in wave- 
length units) of the rectangle from 0 to 1 defines the 
equivalent width of the line. The continuum has been 
arbitrarily set to a level of 1.0. 


would like to know the fraction of all the atoms of 
a given element that are excited to that energy 
state. Recall that excitation and de-excitation may 
occur collisionally and/or radiatively (a radiative 
de-excitation is also termed a spontaneous transi- 
tion). Both processes depend upon temperature 
since the mean kinetic energy of a gas particle goes 
as 


(mv?/2) = 3kT/2 (8-28) 
where m is the particle’s mass, v its speed, k = 
1.380 x 10-23J/K is Boltzmann’s constant, and T 
is the gas temperature in kelvins. The number of 
photons of a given energy increases rapidly with 
increasing temperature. So absorption lines origi- 
nating from excited levels tend to be stronger in 
hot gases than in cool gases. 

For simplicity, consider the situation where 
thermal equilibrium prevails and the average 
number of atoms in a given state remains un- 
changed in time (a steady-state situation). Each 
excitation is, on the average, balanced by a de- 
excitation. In this case, statistical mechanics shows 
that the number density (number per unit volume) 


Continuum 
Level 


Figure 8-11 Generic spectral- 
line profiles. (A) An emission 
line rising above in flux level 
zero. (B) Two absorption lines. 
A Note that the absorption is mea- 
sured relative to the continuum 
(B) level. 


of atoms in state B is related to the number density 
in state A (B > A) by Boltzmann’s equation 
[named after the Austrian physicist Ludwig Boltz- 
mann (1844-1906) who discovered the relation- 
ship] 


Np/Na = (gB/ga) exp[(Ea — Eg)/kT] 


where N is the number density in the level, ¢ is 
the multiplicity of the level (often called the statis- 
tical weight function), and E is the energy of the 
level. For Eg > E,, the bracketed quantity in Equa- 
tion 8-29 is always negative, so that the ratio 
Ngp/Na increases as the temperature increases 
(Np/Na — gs/fa as T — ©). For a given tem- 
perature, the excitation ratio Ng/N, increases as the 
excitation potential Eg — E, decreases between the 
two energy levels. 

Because exp(—%~) = 0, exp(—1) = 0.368, and 
exp(0) = 1, a significant population of the upper 
level occurs when T ~ (Eg — E,)/k; an excitation 
potential of 1 eV corresponds to a temperature of 
11,600 K. As an example, consider a volume of gas 
that contains the same number of hydrogen and 
helium atoms at a temperature such that the num- 
ber of hydrogen atoms in the first excited state N2 
equals one-tenth the number in the ground state 
Ny, or N2/N, = 0.1. On the other hand, the ratio 
N2/N, for helium will be very low. So at a given 
temperature, the fraction of atoms in the second 
level differs widely from element to element, de- 
pending on the excitation potential. In this case, the 
absorption lines arising from transitions from n = 
2 to n = 3 will be strong for hydrogen and very 
weak for helium. The equivalent width of the line 
is a function of both the abundance of the partic- 
ular element and the temperature. In this example, 
we have unrealistically ignored the ionization of 
the atoms; for a complete picture, we must include 
both ionization and excitation to other levels. 


(8-29) 


@ lonization Equilibrium: 
Saha’s Equation 


As the temperature of a gas is increased, more and 
more energy (either radiative or collisional) be- 
comes available to ionize the atoms. In general, the 
hot gas consists of neutral atoms, ions, and free 
electrons. The greater the electron density (N, = 
number of electrons per unit volume), the greater 
the probability that an ion will capture an electron 
and become a neutral atom. These two competing 
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processes, ionization (—) and recombination (<), 
are written as 


XoXtT +e 


A steady-state condition of ionization equilibrium 
is achieved in the gas when the rate of ionization 
equals the rate of recombination. A quantitative ex- 
pression of this ionization equilibrium is given by 
Saha’s equation [named after the Indian physicist 
Meghnad N. Saha (1893-1956)]: 


N,/No = [A(kT)?/7/Ne] exp(—Xo/kT) (8-30) 


where N, is the number density of ions, No is the 
number density of neutral atoms in the ground 
state, the constant A includes several atomic con- 
stants and incorporates the probability of different 
states of ionization, T is the absolute temperature, 
N- is the electron density, and yo is the ionization 
potential (in electron volts) from the ground state 
of the neutral atom. Equation 8-30 is very similar 
to Boltzmann’s equation 8-29 except for the depen- 
dence upon N, and the additional factor of T?/?, 
which arises because a continuum of energies 
above xo will ionize the atom and the liberated 
electron is more likely to escape the ion as the elec- 
tron’s kinetic energy increases. Note that for pure 
hydrogen gas, N, = N,. 

The Boltzmann excitation equation 8-29 ap- 
plies to any two levels of excitation, those of an ion 
as well as those of a neutral atom. Similarly, the 
Saha ionization equation 8-30 can be generalized 
to give the ratio N;.,/N; for any stage of ionization 
i + 1 and the next lower stage i. The appropriate 
form of Saha’s equation is 


Ni+i/N; = [A(KT)°/2/N,] exp(—yi/kT) 


where x; is the ionization potential of the lower 
stage (the energy needed to ionize the particle in 
the i state to the i + 1 state). For example, Equa- 
tion 8-31 applies to the ionization balance between 
Ca III @ + 1 = 3) and Ca II (i = 2). The relative 
population of the upper ionization stage increases 
rapidly with increasing temperature or smaller val- 
ues of yj. 


(8-31) 


The Boltzmann and Saha 
Equations Combined 


The Boltzmann equation gives the number of at- 
oms in an excited state relative to the number in 
any other state; this applies to both neutral and ion- 
ized atoms. The Saha equation tells us the relative 
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populations of two adjacent stages of ionization. 
We combine these two equations to calculate the 
number of atoms available to make a certain tran- 
sition and so produce a given spectral line. 

Consider the Balmer absorption lines of neutral 
hydrogen. Their strength is proportional to the 
number of atoms in the first excited state Nz of the 
neutral atom relative to the total number of hydro- 
gen atoms in all stages of ionization N. Hydrogen 
has only two stages of ionization, however: neutral 
No and singly ionized N,; hence, we know that 
N = No + Ny. The proportion of N2/N is 


N2/N = N2/(No + N+) 

~ (N2/N1)/[1 + (N+/No)] (8-32) 
where we have used the reasonable approximation 
No = N; in the last equality (most neutral hydro- 
gen atoms are in the ground state). The Boltzmann 
equation yields N2/Nj, the ratio of neutral atoms 
in the first excited state to those in the ground state; 
the Saha equation gives N,/No, the ratio of ionized 
to neutral atoms. The approximate form of Equa- 
tion 8-32 is good enough. 

A plot of N,/Npo as a function of temperature 
(Figure 8-13) shows that most of the hydrogen is 
neutral at temperatures below 7000 K, but at higher 
temperatures, ionization increases to the point 
where the number of neutral atoms becomes neg- 
ligible. The exponential increase of N2/N, with in- 
creasing temperature is therefore countered by the 
lack of neutral atoms at high temperatures. As a 
result, the No/N curve has a maximum around 
10,000 K. The strength of the Balmer absorption 
lines of hydrogen is greatest near ~10,000 K, de- 
creasing at both higher and lower temperatures. At 
6000 K—the approximate surface temperature of 
the Sun—the ratio N2/N, is about 1078, but rea- 
sonably strong Balmer absorption lines are seen as 
a result of the great abundance of hydrogen in the 
Sun. At 20,000 K—the temperature of very hot 
stars—the ratio is about 10~2, but the Balmer lines 
are similar in strength to those of the Sun because 
most of the hydrogen atoms are now ionized! 

The Boltzmann and Saha equations have wide 
application in astrophysics. Through them, we may 
interpret stellar absorption (and emission) spectra 
in order to deduce the surface temperatures and 
pressures of stars. For example, at temperatures in 
the range 5000 to 7000 K, calcium should be pre- 
dominantly in the form Ca II (singly ionized). Stars 


Electromagnetic Radiation and Matter 


10,000 K 30,000 K 


Figure 8-13 Excitation and ionization curves for hy- 
drogen Balmer lines. The relative populations of the en- 
ergy levels (N2/N;) from the Boltzmann equation and 
the ionization stages (N+/No) from the Saha equation are 
calculated for equilibrium at the indicated temperatures. 
The lower curve shows the combination of the upper two 
with N = No + Ny. 


20,000 K 


with strong Ca II lines but weak Ca I lines (our Sun, 
for example) must then have temperatures of this 
order. On the other hand, a star that has much 
lower density than our Sun but produces equally 
strong Ca II lines must actually have a lower tem- 
perature to compensate for the smaller electron 
density N, (Equation 8-31), assuming that the 
chemical composition is the same. 

Now to generalize the previous formulas to ob- 


‘tain N;,, the relative number of atoms in any state 


of excitation s of a stage of ionization i. The ratio 
of interest is N;,;/N, where N is summed over all 
stages of ionization: 


N=No+N, +No+°:::+ Ny 


n 
> Ni 
i=0 


In general, n is the number of electrons in the neu- 
tral atom, but in practice, only two or three stages 
of ionization need be considered, for the number 


of ions in other stages will be negligible at a given 
temperature. To a reasonable first approximation 


Nis/N ~ Nis/(Nia + Ni + Nin) (8-33) 
= (Nis/Ni)/(Nia/N;) + 1 + (Nin/Ni)] 


The numerator of the last expression is given by 
the Boltzmann equation 


Nis/Ni ee exp(— v5/kT) 


and the denominator can be found from the Saha 
equation 


Njui/N;j o [(kT)?/2/N-] exp(—x;/kT) 


Although Equation 8-33 is useful for the strongest 
spectral lines of a gas, in the general case extensive 
numerical computations are necessary to reproduce 
accurately spectral-line strengths. Our approxima- 
tion holds only when i is the predominant stage of 
ionization for the prevailing temperature. 


8-5 
SPECTRAL-LINE BROADENING 


Spectral lines are never perfectly sharp; their pro- 
files always have finite width. The fundamental 
tenets of quantum mechanics account for the min- 
imum width (natural broadening) of a spectral fea- 
ture, and various physical processes further 
broaden the line profile. By interpreting the ob- 
served profile of a spectral line in terms of these 
broadening mechanisms, we can deduce some 
characteristics of the radiation from a star or other 
astrophysical sources. 


Natural Broadening 


Quantum mechanics ascribes a. wave nature to all 
atomic particles; an electron in an atomic energy 
level is such a particle. The Heisenberg uncertainty 
principle implies that the energy of a given state 
may not be specified more accurately than 


AE = (1/27)(h/At) (8-34) 


where h is Planck’s constant and At is the lifetime 
of the state. So an assemblage of atoms will pro- 
duce an absorption or emission line with a mini- 
mum spread in photon frequencies—the natural 
width—of order Av = AE/h ~ 1/At. Typical ex- 
cited atomic states live about 10-8 s before decay- 
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ing (in contrast, a ground state may last forever), 
so that a normal natural width is near 5 X 
10-5 nm (0.05 mA) for visible light. Much smaller 
natural widths occur for the so-called metastable 
states, some of which last more than one second 
(At = 1s). 


@ Thermal Doppler Broadening 


Whereas natural broadening depends only upon 
the intrinsic lifetime of an energy level, thermal 
Doppler broadening depends upon the tempera- 
ture and composition of a gas. When a gas is at a 
certain temperature T, gas particles (each of mass 
m) move about with a Maxwellian distribution of 
velocities [Section 2-1(D)]. We can use the most 
probable speed of a Maxwellian distribution to ap- 
proximate the speed of particles in a gas 


Vp = (2KT/m)'/2 


Particles moving toward the observer will emit 
blueshifted light; those moving away, redshifted. 
So the spectral line will be broadened equally to 
shorter and longer wavelengths. Atomic motions 
along our line of sight imply Doppler shifts in the 
radiation absorbed or emitted in atomic transitions. 
At a given temperature, the spectral lines of heavy 
elements are narrower than those of light elements 
because, on the average, the heavy particles move 
more slowly than the light particles. For example, 
hydrogen at 6000 K moves at the most probable 
speed v ~ 10km/s, corresponding to a fractional 
Doppler broadening of AA/A ~ v/c ~ 3 X 107°; 
hence, the thermal Doppler width of the Balmer-a 
line (656.3 nm) is approximately 0.02 nm. 


Concept Application } 


Doppler Broadening 


What is the magnitude of the Doppler broadening 
for iron at the surface of the Sun? 

We calculated that hydrogen at 6000 K has a 
most probable thermal speed of about 10 km/s. 
Iron has an atomic mass of 56 times that of hydro- 
gen. Note that the most probable speed in a Max- 
wellian distribution is 


Up = (2kT/m)\/? 
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so that the speed is inversely proportional to the 
square root of the mass. Then 


Up(Fe)/vp(H) = (my/mpe)/? = (1/56)'/2 = 0.134 
so that 
Up (Fe) = 0.134(10 km/s) = 1.34 km/s 


and the Doppler broadening is roughly 1.3/3 x 
10° ~ 43 x 1076 


Collisional Broadening 


The energy levels of an atom are shifted by neigh- 
boring particles, especially charged particles, such 
as ions and electrons (called the Stark effect). In a 
gas, these perturbations are random and result in 
a broadening of spectral lines. Because the pertur- 
bations are larger the nearer the perturbing parti- 
cle, there is a direct dependence of this collisional 
(or pressure) broadening upon particle density. The 
greater the density (and hence pressure) of the gas, 
the greater the width of the spectral lines. 


@® The Zeeman Effect 


When an atom is placed in a magnetic field, the 
atomic energy levels each separate into three or 
more sublevels because of the electron’s magnetic 
dipole moment—this is the Zeeman effect, after 
the Dutchman Pieter Zeeman (1865-1943). Instead 
of a single atomic transition and a single spectral 
feature, we now have three or more closely spaced 
lines (the spacing is proportional to the magnetic 
field strength). If the Zeeman components are not 
resolved, we see only a broadened spectral line. In 
those cases in which the magnetic field is very 
strong and is highly ordered and uniform (such as 
sunspots and magnetic stars), we may resolve the 
Zeeman splitting and deduce the magnetic field 
strength and orientation of the source. 


Other Broadening Mechanisms 


Finally, we mention three macroscopic broadening 
mechanisms based upon the Doppler effect. Con- 
sider a typical star whose image cannot be re- 
solved. Large-scale random motions at the surface 
of such a star imply Doppler shifts that appear as 
a turbulent broadening of spectral lines. If the atmo- 
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sphere of the star is expanding, we simultaneously 
see gas moving in all directions; the integrated ef- 
fect of all the Doppler shifts is expansion broad- 
ening of the observed spectral lines. A rapidly ro- 
tating star (not seen pole-on) will have rotationally 
broadened lines since one limb of the star is ap- 
proaching us while the other limb is receding. Be- 
cause all spectral features exhibit the same rota- 
tional broadening, we may identify the stellar 
rotation and determine its rate (or period). 


BLACKBODY RADIATION. 


So far we have dealt with individual atomic tran- 
sitions and the spectral lines they produce. Where 
then does a thermal continuous spectrum come 
from? (Recall that spectral absorption lines result 
when photons are selectively absorbed from such 
a continuum.) We noted that various emission and 
absorption continua can originate from individual 
atoms and that spectral features become more 
broadened as atoms interact more strongly with 
one another. When an aggregate of atoms interact 
so strongly (such as in a solid, a liquid, or an 
opaque gas) that all detailed spectral features are 
washed out, a thermal continuum results. 

Such a continuous spectrum comes from a 
blackbody, whose spectrum depends only upon the 
absolute temperature. A blackbody is so named 
because it absorbs all electromagnetic energy inci- 
dent upon it—it is completely black. To be in per- 
fect thermal equilibrium, however, such a body 
must radiate energy at exactly the same rate that it 
absorbs energy; otherwise, the body will heat up 
or cool down (its temperature will change). Ideally, 
a blackbody is a perfectly insulated enclosure 
within which radiation has come into thermal equi- 
librium with the walls of the enclosure. Practically, 
blackbody radiation may be sampled by observing 
the enclosure through a tiny pinhole in one of the 
walls. The gases in the interior of a star are opaque 
(highly absorbent) to all radiation (otherwise, we 
would see the stellar interior at some wavelength!); 
hence, the radiation there is blackbody in character. 
We sample this radiation as it slowly leaks from 
the surface of the star—to a rough approximation, 
the continuum radiation from some stars is black- 
body in nature. 


Planck’s Radiation Law 


After Maxwell’s theory of electromagnetism ap- 
peared in 1864, many attempts were made to un- 
derstand blackbody radiation theoretically. None 
succeeded until, in 1900, Max K.E.L. Planck (1858- 
1947) postulated that electromagnetic energy can 
propagate only in discrete quanta, or photons, each 
of energy E = hv. He then derived the spectral in- 
tensity relationship, or Planck blackbody radiation 
law: 


I(v)Av = (2hv3/c?)[1/(e"/*T — 1)JAv 


where [(v)Av is the intensity (J/m* : s + sr) of ra- 
diation from a blackbody at temperature T in the 
frequency range between v and v+ Ay, h is 
Planck’s constant, c is the speed of light, and k is 
Boltzmann's constant. Note the exponential in the 
denominator. 

Because the frequency v and wavelength A of 
electromagnetic radiation are related by Av = c, we 
may also express Planck’s formula (Equation 8- 
35a) in terms of the intensity emitted per unit 
wavelength interval: 


WA)AA = (2he?/A5)[1 (er MT — 1)JAA 


(8-35a) 


(8-35b) 


Equation 8-35b follows because the intensity 
(A) AA equals the intensity I(v)Av in the correspond- 
ing wavelength interval, where 


vy=c/A > |Ay = |e AA/? 


This expression follows by differentiation or by 
noting that, in the limit as AA — 0 and 
Av > 0, 


Av = (A + AA)Y + Avr) =c 


where AA Av is negligible. 

Equation 8-35b is illustrated in Figure 8-14 for 
several values of T. Note that both I(A) and I(v) in- 
crease as the blackbody temperature increases—the 
blackbody becomes brighter. This effect is easily in- 
terpreted in terms of Equation 8-35a, when we 
note that I(v)Avis directly proportional to the num- 
ber of photons emitted per second near the energy 
hv. The Planck function is special enough so that it 
is given its own symbol, B(A) or B(v), for blackbody 
intensity or brightness. 

To better understand the Planck blackbody for- 
mulas (Equations 8-35), let’s outline a derivation 
by Albert Einstein. At a given frequency v, the ra- 
diation will be in thermal equilibrium with the at- 
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oms that compose the walls of the blackbody cav- 
ity. Because of the strong atomic interactions in the 
walls, all possible energy states are available there. 
Consider the upper (U) and lower (L) energy states 
corresponding to the quantum of energy Ey — 
E, = hv. The Boltzmann equation relates the num- 
ber of atoms in each state by 


Nu = (gu/8L)N1 exp(—hv/kT) 


If the probability per atom for a downward tran- 
sition (U — L) is ay, and that for an upward tran- 
sition (L — U) is a,u, then a steady-state equilib- 
rium is attained when 


Nratu = Nuaut 


But a;y—radiative excitation—depends upon the 
energy density p(v) of radiation at the freqency v 
and upon the atomic parameter B,y (the Einstein 
absorption coefficient): apy, = Brup(v). De-excita- 
tion ay, can occur in two ways: spontaneously 
(Aut) or through the stimulating influence of the 
radiation field [By,p(v)]; hence, we have ay, = 
Aut + Burp). Combining these various results 
and solving for p(v), we find 


pv) = (Aut/But)/((Biugi/Bur guet”*™ 254] 


The result is independent of the number of atoms 
involved. Einstein then substituted suitable expres- 
sions for the atomic coefficients Ay,, Buy, and 
Bru to obtain the Planck blackbody radiation den- 
sity law 


p(v)Av = (8mhv3/c3)[1/(e"/kT — 1)JAv (8-36) 


where p(v)Av is an energy density (J/m?). In con- 
verting to intensity radiated from the blackbody 
I(v), a factor of c/47r is introduced (Equation 8-35a). 

Before we leave the topic of blackbody radia- 
tion, which is so useful in astrophysics, we put 
forth some useful approximations. We have so far 
considered formulas for the monochromatic inten- 
sities (Equations 8-35). If we evaluate these in the 
case where the exponentials become very large 
(much greater than unity), then we find 


BAT) = I(T) = (2hv5/c?) exp(—hv/kT) 
B,(T) = I(T) = (2hc?/A9) exp(—hc/AkT) 


(8-37a) 
(8-37b) 


which is an appropriate approximation when the 
temperature is low and the wavelengths are short. 
It is sometimes called the Wien distribution. In the 
opposite case, when the value of the exponential is 
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Figure 8-14 Blackbody radiation emission. A log-log plot of the Planck curves for a 
wide range of temperatures. Note that the wavelengths run from longer to shorter in units 


of centimeters. 


very small (much less than unity), we use the 
power series expansion for the exponential to note 
that e*~ — 1 ~ x, and 


B,(T) = L(T) = 2v?kT/c? 
B,(T) = I(T) = 2ckT/A* 


(8-38a) 
(8-38b) 


which is known as the Rayleigh-Jeans distribution 
and works at high temperatures and long wave- 
lengths (low frequencies). 


@ Wien’s Law 


A blackbody emits at a peak intensity that shifts to 
shorter wavelengths as its temperature increases 
(Figure 8-14). Wilhelm Wien (1864-1928) ex- 
pressed the wavelength at which the maximum in- 
tensity of blackbody radiation is emitted—the peak 


[that wavelength for which dI(A)/dA = 0] of the 
Planck curve (found from taking the first derivative 
of Planck’s law)—by Wien’s displacement law 


Amax = 2.898 X 107°/T (8-39) 


where Amax is in meters when T is in kelvins. For 
example, the continuum spectrum from our Sun is 
approximately blackbody, peaking at Amax ~ 
500 nm; therefore, the surface temperature is near 
5800 K. Note that because AmaxJ' = constant, in- 
creasing one proportionally decreases the other. 


The Law of Stefan and Boltzmann 


The area under the Planck curve (integrating the 
Planck function) represents the total energy flux F 
(W/m?) emitted by a blackbody when we sum over 
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PTABLE 8-4) Fave Types of Temperature 


Temperature Basic Law/Equation 
Brightness Planck curve 

Color Planck curve 

Effective Stefan-Boltzmann law 
Excitation Boltzmann equation 
Ionization Saha equation 

Kinetic Thermal Doppler broadening 


Observations 


Intensity at one wavelength 
Flux ratio at two or more wavelengths 
Luminosity (power) and radius 


Relative equivalent widths of spectral 
lines of the same element 


Relative equivalent widths of spectral 
lines of adjacent stages of ionization 


Widths and profiles of spectral lines 


all wavelengths and solid angles: 
F(T) = of * = wB(T) (8-40) 


where o = 5.669 X 10-8 W/m? : K+. The strong 
temperature dependence of Equation 8-40 was first 
deduced from thermodynamics in 1879 by Josef 
Stefan (1835-1893) and was derived from statistical 
mechanics in 1884 by Boltzmann; so we call the 
expression the Stefan-Boltzmann law. The bright- 
ness of a blackbody increases as the fourth power 
of its temperature. If we approximate a star by a 
blackbody, the total energy output per unit time of 
the star (its power or luminosity in watts) is just 
L = 47R?oT* since the surface area of a sphere of 
radius R is 47R?. 

To summarize: A blackbody radiator has a 
number of special characteristics. One, a blackbody 
emits some energy at all wavelengths. Two, a hotter 
blackbody emits more energy per unit area and time 
at all wavelengths than does a cooler one. Three, a 
hotter blackbody emits a greater proportion of its ra- 
diation at shorter wavelengths than does a cooler 
one. Four, the amount of radiation emitted per sec- 
ond by a unit surface area of a blackbody depends 
on the fourth power of its temperature. 


® Temperature 


We end with a word of caution concerning tem- 
perature. In general, you cannot define tempera- 
ture uniquely—it depends on the process under 
consideration. Also, a temperature can be assigned 
to a radiation field and to matter. For radiation, if 
we are dealing with a true blackbody emitter, we 
may establish the temperature using (1) the shape 


of the Planck curve, at one or more points on the 
curve; (2) Wien’s law and the wavelength of peak 
emission; or (3) the Stefan-Boltzmann law and the 
total power. Because no astrophysical object is a 
perfect blackbody, we will obtain slightly different 
temperatures from each of these three methods. 

Temperature can also be assigned to matter, 
based on the velocity distribution of its particles (a 
kinetic temperature), the degree of excitation, and 
the degree of ionization. In general, temperatures 
based on continuum spectra may differ from the 
temperatures derived from the relative intensities 
of spectral lines by using the Boltzmann and Saha 
equations. It is therefore a good practice to stipu- 
late what kind of temperature one is using (see the 
examples in Table 8-4). All these temperatures will 
be the same only if thermodynamic equilibrium holds 
true, so that all these processes and their inverses 
go on at the same rate. This condition will not usu- 
ally be satisfied; then one attempts to look at the 
local detailed balancing to see if local thermody- 
namic equilibrium (LTE) holds. In many astro- 
physical circumstances, LTE will apply. 


8-7 
THE TRANSFER EQUATION 


One of the most common problems in astrophysics 
is to calculate the expected intensity of radiation 
after it passes through a cloud of gas or the atmo- 
sphere of a planet or star. The differential equation 
that describes this process is called the transfer 
equation. Some of its solutions will be discussed 
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because they are commonly used to describe inter- 
esting sources. 

First, we need to introduce the following quan- 
tities. Note that the subscript v emphasizes the fre- 
quency dependence of the quantity. 


Extinction coefficient The dimensions are m7?. 


Xv The inverse of x, is the 
mean free path. This mea- 
sures the average distance 
over which a photon trav- 
els before being absorbed. 


Emission coefficient This quantity gives the en- 
W ergy added to the radia- 
tion field. Dimensions are 

joules m™> sr7} Hz} s71. 


The source function is the 
ratio of total emissivity to 
extinction coefficient. In 
cases of thermodynamic 
equilibrium, S, is given by 
the Planck distribution. 


Source function 
Sy = W/Xr 


Optical depth 
ty = Sxdl 


tT, gives the number of 
mean free path lengths 
along the line of sight. It is 
a dimensionless quantity. 


Figure 8-15 illustrates the geometry of the 
problem. In this drawing the linear depth dl and 
the optical depth increase from the right-hand side 
of the gas. We have indicated that the problem 


The Normal Vector 


Figure 8-15 The geometry of the radiative transfer 
equation. The intensity emergent from the volume ele- 
ment dV is given by Equation 8-42. 
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could be of either finite or infinite optical depth by 
drawing the left-hand side of the diagram in an 
indefinite manner. We first write the differential 
equation in terms of the physical length element dl. 


cos 6[dI,/dl] = n. -— wl 


This expression satisfies physical intuition. The 
change in intensity over the incremental length dl 
is the contribution of the emission coefficient, 
which is independent of the intensity, minus the 
product of the intensity and the extinction coeffi- 
cient, which is just the fraction of the intensity that 
was extinguished in dl. 

Now if we define » = cos6@ and divide 
through by y,, we have the standard form of the 
transfer equation. 


pldl,/dl] = I, — S, 


A negative sign was also introduced in order to 
represent the case of an observer looking into the 
source. An integrating factor for this equation is 
e~ 7. So if we multiply both sides by this quantity 
and integrate, we arrive at the general solution: 


= 1,(O)e~ F2- 7) 


72 
+ | Set dr 
71 


(8-41) 


(8-42) 


Application to Stellar Atmospheres 


One of the most important applications of the 
transfer equation is that of no incident radiation 
and infinite optical depth—a stellar atmosphere. In 
this situation the formal solution is 


a | Se V4 dr (8-43) 
0 


As a first approximation, let’s assume that the 
source function is a linear function of the optical 


depth 
S, = S,(0) + S,(1)7, (8-44) 


If we introduce this into Equation 8-43, then the 
solution is 


I, = S,(0) + S,(1)u; the same as 
I, = St = pw) 


These last equations are known as the Eddington- 
Barbier relation. As a first approximation they pro- 


(8-45) 


vide an illuminating insight into the observable ra- 
diation field. Consider the Sun, which is the only 
star for which we can easily see variations across 
the disk. If we look at the center of the disk, then 
= cos 6 = 1. From this we see that the intensity 
is approximately given by the source function at an op- 
tical depth of 1. 

This result is quite general for stellar atmo- 
spheres. As we move our observations from the 
center to the edge (limb) of the Sun’s disk, the ge- 
ometry departs from normal emergence. Therefore, 
the linear depth into the atmosphere which corre- 
sponds to an optical depth of 1 becomes less. From 
simple physical arguments, we expect the temper- 
ature at these lesser depths to be lower and the 
source function (approximately given by the Planck 
function) to provide a less intense radiation field. 
Therefore, we should see limb darkening. This is, 
in fact, observed (details in Section 10-1) and can 
be used to estimate the run of temperature with 
depth in the solar atmosphere. 

Similar reasoning provides an excellent first 
description of stellar absorption lines. These can be 
thought of as small regions of the spectrum over 
which the optical depth rapidly changes. At the 
line center the opacity is largest, and an optical 
depth of 1 lies relatively high in the cooler regions 
of the atmosphere. So the gas is emitting photons 
at that wavelength, they are just less intense than in 
the line wings. 


@ Gaseous Nebulae 


A second useful example is a slab of material in 
which S, is constant with +. If we consider only 
normally emergent radiation, then 4 = 1, and the 
integrated solution to Equation 8-42 is 


I, = S,(1 — e-?) (8-46) 


where 7 is now the total optical depth. Two cases 
are of interest: 


Case |: + > 1 (optically thick) 
Then e~7 vanishes and 


I, = S, 


The emergent intensity is identical to the source 
function. In the particular instance of thermal equi- 
librium, the source function—and therefore the 
emergent intensity—is the same as the Planck 
blackbody function. 
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Case Il: 7 < 1 (optically thin) 
I, = S,t 


Now the emergent intensity is the product of the 
source function and the optical depth. Since 7 will 
generally have a frequency dependence, the spec- 
trum of the emergent intensity will not be identical 
to the source function. 

The distinction between an optically thin or op- 
tically thick gas is one of the critical analyses that 
an astrophysicist makes. Because all the important 
quantities generally have a frequency dependence, 
a given nebula will typically be optically thin at 
some spectral regions but optically thick at others. 

For example, an H II region (a cloud of ionized 
hydrogen gas) is a thermal source of radio waves. 
At long wavelengths the blackbody spectrum is ap- 
proximated by the Rayleigh-Jeans distribution 
which has a v? dependence. In this same spectral 
region, the optical depth is proportional to v™. Fig- 
ure 8-16 presents the radio continuum spectrum of 
one particular H II region, the Orion Nebula. At 
lower frequencies 7 is large, and the optically thick 
regime holds. The observed spectrum rises with a 
slope of 2 in this log-log plot. At a frequency of 
about 1000 MHz, 7 passes from the optically thick 
to the optically thin regime. Since the source func- 
tion and optical depth have inversely related fre- 
quency dependence, the emergent intensity (their 
product) is nearly constant with frequency as seen 


Nebula 


log F, Jy) 
nN 


8 9 10 11 
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Figure 8-16 The radio wavelength spectrum of the 
Orion Nebula. In the low-frequency regime, the source 
is optically thick and the intensity goes as v?. In the high- 
frequency regime, the source is optically thin and is 
nearly constant. 
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in the high v region of the spectrum. (More about 
H II regions comes in Section 19-2.) 


Kirchhoff’s Rules 


The transfer equation applies to spectra in a con- 
ceptual form that was worked out by Gustav Kirch- 
hoff (1824-1887), who formulated empirical rules 
of spectroscopic analysis. These relate the appear- 
ance of spectra to the composition and physical 
state of an object. Briefly, Kirchhoff’s rules are: 


1. A hot and opaque solid, liquid, or highly com- 
pressed gas emits a continuous spectrum. 


2. A hot, transparent gas produces a spectrum of 
emission lines. The number and position of 
these lines in the spectrum depend on which el- 
ements are present in the gas. 
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3. If light with a continuous spectrum passes 
through a transparent gas at a lower tempera- 
ture, the cooler gas causes the appearance of ab- 
sorption lines. Their position in the spectrum, 
their strength, and their number depend on the 
elements in the cooler gas. 


The essence of the first rule is that an opaque (op- 
tically thick), hot material produces a continuous 
spectrum (Planck curve). The second and third 
rules tell us that whether the atoms in the gas emit 
or absorb depends on the physical conditions in the 
gas. Emission requires high temperatures in a 
transparent (optically thin) gas; absorption occurs 
when a continuous spectrum from a hot object 
passes through a cooler, transparent (optically thin) 
gas. If the two gases have the same chemical com- 
position, the pattern of emission lines is the same 
as the pattern of absorption lines. 


ky ilatibrs & con¢ ts 


Wave relation for light 


Av=c 


Snell’s law 


n, sini = n2sinr 


Doppler shift (for v < c) 
AA/Ag = (A = Ao)/Ao = v/c 


Inverse-square law for light 


F = L/AnR? 


Hydrogen energy levels 


1/Aab = Ygp/c = (RYch)(1/npy2 — 1/14") 
= R(1/n,2 — 1/n,?) 


Boltzmann’s equation 


Ns/Na = (gp/ga) exp[(Ea — Ep)/kT] 


Saha’s equation 


N,/No = [A(kT)?/7/Ne] exp(—Xo/kT) 


Planck’s radiation law 
Iv) = (2hv3/c?)f1 (eT — 1] 
I(a) = (2he2/A)f1/(eh/AT — 1)] 


Wien approximation 
BT) = I(T) = (2hv3/c?) exp(—hv/kT) 
BT) = I(T) = (2hc?/d°) exp(—hc/AkT) 


. Rayleigh-Jeans approximation 


BT) = I(T) = 2v?kT/c2 
B,(T) = I(T) = 2ckT/a4 


—, 


Wien’s law 


Amax = 2.898 X 10-3/T 


Stefan-Boltzmann law 


F(T) = oT* = 7B(T) 


Transfer equation (general solution) Optically thick 
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Transfer equation (S, = constant) 


I, = S$ oe e-7) I, = Syt 


Optically thin 


= hs 


1. (a) Show that a beam of light obliquely incident (b) An atom in the second excited state (n = 3) of 


upon and passing through a plane-parallel piece 
of glass is simply displaced without changing di- 
rection when it emerges from the glass. 

(b) If the glass has thickness d and index of refraction 
n, what is the linear displacement of the beam as 
a function of n and @ 


. What aperture is required to give 1-arcsec resolution 
for a wavelength of 

(a) 500 nm (visible) 

(b) 21 cm (radio) 

Generalize from your results. 


. (a) At what wavelengths will the following spectral 
lines be observed: 
(i) a line emitted at 500 nm by a star moving to- 
ward us at 100 km/s 
(ii) the Ca II line (undisplaced wavelength of 
397.0 nm) emitted by a galaxy receding at 
60,000 km/s 
(b) A cloud of neutral hydrogen (H I) emits the 21- 
cm radio line (at rest frequency 1420.4 MHz) 
while moving away at 200 km/s. At what fre- 
quency will we observe this line? 


. A simple form of the binomial theorem states that 


(1 + x)? = 14 nx + [n(n — 1)x?/2] 
+ n(n — 1)(n — 2)x9/6 + ++ 


when x? < 1. Starting with the relativistic expres- 
sion, use this theorem to derive the classical equation 
for the Doppler shift in wavelength for the case in 
which v < c. 


5. (a) What is the energy of one photon of wavelength 


A = 300 nm? Express your answer both in joules 
and in electron volts. 


hydrogen is just barely ionized when a photon 
strikes the atom. What is the wavelength of the 
photon if all its energy is transferred to the atom? 


6. The emission line of He II at 468.6 nm corresponds 


to what electronic transition? 


. By applying the Boltzmann equation to the neutral 


hydrogen atom (neglect ionization), derive an ex- 
pression for the population of the nth energy level 
relative to that of the ground state at temperature T. 
Now, assuming that the multiplicity of each level is 
unity (g, = 1), construct an appropriate graph show- 
ing your results for T = 6000 K. Do the same for 
T = 15,000 K. What are the major differences be- 
tween them? 


. To understand the relative importance of the differ- 


ent parameters in the Saha equation, perform the fol- 
lowing experiment. Assume that T = 5000K, N, = 
10°*/cm3, and y = 12 eV. By what factor does the ion- 
ization ratio (Ni/No) change when we separately 
(a) double the temperature 

(b) double the electron density 

(c) double the ionization potential 

Which is more important during the temperature 
change, the exponential term or the T?/? term? 


. Let Nz be the number of second-level (first excited 


state) hydrogen atoms and N, be the number in the 
ground state. Using Figure 8-13, find the excitation 
ratio (N2/N) and the excited fraction (N2/N) for 
each of the following stars: 

(a) Sirius, T = 10,000 K 

(b) Rigel, T = 15,000 K 

(c) the Sun, T = 5800 K 
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10. 


11. 


12. 


13. 
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Which star will exhibit the strongest Balmer absorp- 
tion lines? Explain your reasoning in arriving at this 
answer. 


(a) What is the speed of an electron with just suffi- 
cient energy to ionize by collision a sodium atom 
in the ground state? 

(b) What is the speed of a proton ionizing this atom? 

(c) What is the corresponding gas temperature? 

(d) At this temperature, what is the fractional ther- 
mal Doppler broadening (AA/Ao) of a sodium 
spectral line? 


(a) How much more energy is emitted by a star at 
20,000 K than one at 5000 K? 

(b) What is the predominant color of each star in part 
(a)? Use the Wien displacement law and express 
your answers in wavelengths. 


Deduce an approximate expression for Planck's ra- 

diation law (Equation 8-35a) 

(a) at high frequencies (hv/kT >> 1), the Wien 
distribution. 

(b) at low frequencies (hv/kT < 1), the Rayleigh- 
Jeans approximation. 

You may use the approximation exp(hv/kT) ~ 1 + 

hv/kT when h/kT < 1. To what wavelength does 

hv/kT = 1 correspond? 


Estimate the line width from thermal Doppler broad- 
ening for the Ca II K line at 393.3 nm for a star at 
3000 K; a star at 6000 K; and one at 12,000 K. Com- 
ment on the degree of importance of temperature on 
the Ca II K line broadening. 


14. 


15. 


16. 


17. 


18. 


19. 
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A star behind a nebula is 25% as bright at 500 nm as 
it would be if it were not behind the nebula. What is 
the optical depth of the nebula at 500 nm? (Assume 
that the nebula does not contribute to the light ob- 
served at 500 nm.) 


Given that the J] = 1 to 0 rotational transition of car- 
bon monoxide (CO) corresponds to a photon fre- 
quency of 115.27 GHz, estimate the distance between 
the carbon and oxygen atoms in a carbon monoxide 
molecule. 


Consider a pure hydrogen gas at a temperature of 
10,080 K. What is the ratio of the populations of the 
ground state (n = 1) to the first excited state (n = 
2)? Note that the energy difference is 10.2 eV between 
these two states. At what temperature would both 
levels have equal populations? 


Consider a pure hydrogen gas at a temperature of 
10,080 K and a gas pressure of 10-5 atm. Calculate 
the ratio H*/H. (Hints: N, = H* and N=N, + 
Ht + H. The ionization potential is 13.6 eV.) 


A pure helium gas has a temperature of 15,000 K and 
a gas pressure of 10-°atm Calculate the ratio 
He‘/He. The ionization potential for He is 24.5 eV. 


The flux from the Sun above the Earth’s atmosphere 
is about 1370 W/m?. This quantity is called the solar 
constant S and equals af (Sun). Use the angular ra- 
dius of the Sun as seen from the Earth to find wF, 
the surface flux of the Sun. 


Telescopes and 
Detectors 


e have discussed the nature and properties of 

light and how to use an understanding of 
these facts to infer the physical properties of astro- 
nomical objects. To underscore that process, we de- 
scribe briefly in this chapter how astronomers 
gather and detect light—the basis of observational 
astronomy. In many respects, astronomy is much 
more an observational science than an experimen- 
tal one (as physics and chemistry are). 


9-1) 
OPTICAL TELESCOPES 


As extensions of the human eye, optical telescopes 
amplified the power of detection without extend- 
ing the spectral range of our vision. Today we can 
sense much more than the visible part of the elec- 
tromagnetic spectrum, but the discussion in this 
section restricts itself to optical telescopes—those 
that manipulate light detectable by the eye. Be 
warned, however, that the light that reaches the 
Earth’s surface has passed through many filters be- 
fore it reaches us: intergalactic and interstellar me- 
dia, the Earth’s atmosphere, and always the tele- 
scope and detection system. 

Optical components, such as lenses and mir- 
rors, are used to control the paths of light rays. For 
a telescope, such optical components bring light to 


a focus, usually to make an image. Light can be 
concentrated in a focus by either a curved mirror 
(using reflection) or a lens (by refraction). A lens 
brings rays from a point source to a point image at 
the focus of the lens. The lens makes an image of 
an object of finite size by focusing rays from each 
point on the object onto a separate point in the im- 
age (Figure 9-1). This image is generally smaller 
than the object and upside down. For objects at 
large distances, the distance from lens to image is 
approximately the same for all objects. This dis- 
tance is termed the focal length. A smoothly 
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Extended 
Object 


Figure 9-1 Images. A convex lens will 
make an image of an extended object that 
is smaller than the object and inverted. 


curved mirror—one whose surface, for instance, 
follows the curve of a parabola—brings all the light 
to a focus. The distance from the mirror’s surface 
to its focus is its focal length. 

For either a lens or a mirror, the ratio of focal 
length to diameter is called the f ratio: 


fratio = f/d 


where f is the focal length and d the diameter. The 
f ratio essentially gives the brightness of the image. 

If we call the distance to the object (for which 
we want an image) d,, and the distance from the 
lens to the image d;, then the focal length relates 
to these two quantities (for a simple lens) as 


Vd, + 1/d; = 1/f (9-1) 


This is often called the lens-maker’s formula; it also 
applies to spherically curved mirrors. 

Another property related to focal length is the 
linear size of the image of an extended object. For 
example, the Moon subtends a 1/2° arc in the sky; 
if its image covers 10 cm at the focal surface of the 
lens, then the scale is 0.05°/cm, or 20 cm/°. For the 
size s of an image at the focus that corresponds to 
1° in the sky, 

s = 0.01745f 
where f is the focal length; s then comes out in units 
of f per degree; it is usually called the plate scale. 
Note that the factor 0.01745 is the number of radi- 
ans in one degree. An example: Capilla Peak Ob- 
servatory of the University of New Mexico has an 


f/15 reflecting telescope with a 60-cm diameter 
mirror. Its focal length is 


fid = 15 
f = 15 X 60cm = 900cm 
The plate scale is 


s = 0.01745 x 900 cm = 15.7 cm/° 


A telescope is essentially an instrument that 
gathers light and makes an image at a focus. A lens . 
or mirror, called the objective, brings the light to 
a focus. A lens at the focus, called the eyepiece, 
allows visual examination of the image. There are 
two basic types of telescopes, distinguished by 
their objectives: refracting telescopes (or refrac- 
tors), which use a lens, and reflecting telescopes 
(or reflectors), which use a mirror. 

A telescope is basically a light bucket for col- 
lecting photons. That’s the main reason astrono- 
mers want large telescopes—for their greater light- 
gathering capacity. A telescope’s light-gathering 
power is directly proportional to the square of its 
diameter. The amount of light a lens or mirror 
catches depends on its surface area, and its area 
with diameter d is (m/4)d?. Light-gathering power 
is a relative measure, not an absolute one. It states 
how two instruments compare with one another, 
not how much light is gathered. Because the factor 
1/4 is a constant, we need use only the diameters 
of the instruments to arrive at a comparative figure. 
For example, compared with your eye, which has 
a diameter of about 0.5cm, a telescope with a 
50-cm objective has a light-gathering power of 


LGP = (50/0.5)? = 1007 = 10,000 


Similarly, the 5-m Hale telescope at Mount Palomar 
outdoes the 0.6-m Capilla Peak telescope by 


LGP = (5/0.6)* = 8.3 = 69 


A second important function of a telescope is 
to produce an image in which objects that are close 
together in the sky can be seen as clearly separate. 
This ability is called resolving power and is some- 
times expressed as the inverse of the minimum an- 
gle there must be between two points in order for 
them to be easily separated: 


RP = 1/6nin 


The resolving power and the minimum angle de- 
pend on the diameter of the objective and also on 
the wavelength of the light. For the same wave- 
length, the resolving power depends directly on the 
objective’s diameter. The minimum resolvable an- 
gle depends on both the diameter of the telescope’s 
objective and the wavelength of light being ob- 
served. In general, 


Omin = 206,265A/d 


where Onin is the minimum resolvable angle, or . 


resolution in seconds of arc (206,265 is the number 
of arcseconds in 1 rad), A is the wavelength, and d 
is the diameter of the objective in the same length 
units. As a slight complication, we must consider 
the diffraction pattern from a circular aperture. To 
take this diffraction into account, at least at visible 
wavelengths, requires multiplying 6yin by 1.22. For 
example, a 10-cm (0.1-m) telescope working at a 
wavelength of 500 nm has a resolution angle of 


1.226min = (1.22)(206,265)(5 X 1077/0.1) 
= 1.25 arcsec 


This result means that if this telescope is pointed 
at two stars that are more than 1.25” of arc apart, 
you will see two distinguishable stellar images. For 
a circular diffraction pattern, the central spot con- 
tains 84% of the light (called the Airy disk). The 
minima are given by the zeros of Bessel’s function 
of order unity. The first minimum occurs at the ra- 
dius 1.22A/D radians, where D is a telescope’s ap- 
erture. A criterion for a telescope’s resolving power 
is that the central maximum of an Airy disk (from 
a star) should lie on the first minimum of the other. 
For a typical visual wavelength of 550 nm, the the- 
oretical resolving power in arcseconds is roughly 
0.14/D, where D is the aperture in meters. In es- 
sence, the 1.22 accounts for a circular aperture’s dif- 
fraction compared to a linear one (a slit, as in Sec- 
tion 8-1A). 

The preceding example gives the theoretical 
resolving power of a 10-cm telescope, but such per- 
formance rarely, if ever, is attained by ground- 
based telescopes. The resolving power of a large 
telescope is limited not by its optics but by the 
Earth’s atmosphere. Stars twinkle because turbu- 
lence in the air makes the atmosphere act like an 
imperfect, distorted lens. The motion of blobs of air 
distorts and blurs images seen through a telescope; 
this is an effect referred to as seeing. (It results 
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from cells in the atmosphere on the order of tens 
of centimeters across.) Even on the best of nights, 
the 5-m Hale telescope does not resolve better than 
a 10-cm telescope; it is a rare night when star im- 
ages are smaller than 1 arcsec. The limit the Earth’s 
atmosphere sets on the resolving power of big tele- 
scopes makes a strong case for placing a large tele- 
scope in space. 

The third function of a visual telescope is to 
magnify the image. Magnifying power, the appar- 
ent increase in the size of an object compared with 
unaided visual observation, depends on the ratio 
of the focal length of the objective to the focal 
length of the eyepiece: 


MP = Ff 


where F is the focal length of the objective and f is 
the focal length of the eyepiece in the same length 
units. For example, an eyepiece having a focal 
length of 5 cm used with an objective having a focal 
length of 780 cm gives a magnifying power of 


MP = 780/5 = 156 


If you insert an eyepiece with half the focal length, 
you double the magnifying power. You could 
choose eyepieces to produce as high a magnifying 
power as you like, but there is little point in using 
a magnifying power any greater than that neces- 
sary to see clearly the smallest detail in the image. 
The degree of detail is determined by the resolving 
power and the seeing. Extremely high magnifica- 
tion of an image produced by a telescope with a 
low resolving power merely makes the fuzziness 
worse. And higher magnification makes extended 
objects dimmer. 


F cancept Application | 


Telescopes 


You are considering the purchase of a 10” /10 

telescope. 

(a) What is its focal length and plate scale? 

(b) What is its light-gathering power compared to 
your eye? 

(c) What is its theoretical resolving power? 

(d) With a 1/2” focal length, what is its magnifying 
power? 
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(a) For f/10, the focal length is ten times the 
aperture, or 100” (254 cm). Then the plate scale is 


s = 0.01745(254) = 4.43 cm/° 


(b) In darkness, the human eye has an aperture 
of about 0.5 cm. So 


LGP = (254cm/0.5 cm)* = 2.6 x 10° 


(c) The theoretical resolving power is (for vis- 
ible light ~ 500 nm) 


RP = (1.22)206,265A/d = 256,643(500/254 x 109) 
= 4.95 x 10-4 arcsec 


Note that the Earth’s atmosphere places a practical, 
larger limit to this value. 
(d) For a 1/2" focal length eyepiece, 


MP = 1001/2") = 200 


An object in the telescope will have an angular size 
200 times larger than that viewed with the unaided 
eye. 


Large Ground-Based Optical Telescopes 


The Keck Telescopes are the largest ground- 
based optical telescopes (Table 9-1). In 1996, a twin 
to the first Keck telescope (now called Keck I; the 
newer one is Keck II) was dedicated and became 
operational. One goal of its construction is to have 
the two telescopes operate as an optical interfer- 
ometer at visual and near-infrared wavelengths 
(Section 9-5). Located on Mauna Kea at an eleva- 
tion of 4145 m (Figure 9-2), the Kecks have inno- 
vative designs throughout—especially the 10-m 
mirror, which consists of 36 hexagonal segments 
(Figure 9-3) with a total weight of 14.4 tons. Each 
segment has a diameter of 1.8 m and a thickness of 
75mm and is individually controlled by an active 
system to maintain the mirror’s shape under a va- 
riety of load conditions. The dome and the tele- 
scope’s structure minimizes local seeing to take ad- 
vantage of the site’s natural potential—occasionally 
as good as 0.3”. The Kecks can come close to dif- 
fraction-limited seeing in the infrared, for which 
Mauna Kea is a superior site in atmospheric trans- 
parency. The altitude is a drawback for people, 
who can easily become ill at the summit. Hence, 
most of the observing will be done remotely rather 
than at the site. 
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Figure 9-2 The Keck telescopes atop Mauna Kea. Comet Hale-Bopp hangs above them 
in this wide-angle view. (Oliver R. Hainaut, Institute for Astronomy, University of Hawaii) 


Astronomers are developing various tech- 
niques of active optics to try to beat the seeing lim- 
itations of the Earth’s atmosphere. The New Tech- 
nology Telescope (NTT) at the European Southern 
Observatory (ESO) in La Silla, Chile, was dedicated 
in 1990 and is currently the most functional. Its 
3.6-m mirror can flex under servo control based on 
monitoring the image of a bright reference star. So 
far, the NTT can achieve resolutions of 0.3” regu- 
larly and occasionally as good at 0.18”. 


9-2 
INVISIBLE ASTRONOMY 


The human eye senses only the visible range of the 
electromagnetic spectrum. To cover the complete 
range, from radio to gamma rays, requires a variety 
of detectors sensitive to various wavelengths; cur- 
rent detector technology drives new developments 
in observational astronomy. Invisible astronomy 


involves techniques that enable us to go beyond the 
wavelength limits of optical astronomy. 

The practice of invisible astronomy also relates 
to the transparency of the Earth’s atmosphere, 
which effectively absorbs large segments of the 
electromagnetic spectrum, especially ultraviolet 
light, X-rays, some infrared wavelengths, and 
short-wavelength (millimeter) radio waves (Figure 
9-4). Infrared radiation is primarily absorbed by 
water vapor, which is found concentrated in the 
lower portions of the atmosphere, below 20 km. 
(Carbon dioxide also absorbs a lesser amount.) The 
ultraviolet and X-ray radiations are primarily ab- 
sorbed in the ionosphere, at an altitude of 100 km, 
well above the levels that can be reached by bal- 
loons and airplanes. The obvious way to get 
around atmospheric absorption is to go above the 
atmosphere This is space astronomy, which makes 
use of rockets, balloons, and airplanes as well as 
satellites and spacecraft. So invisible astronomy has 
two natural divisions—that which can be done 
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from the ground and that which must be accom- 
plished in space. 


Ground-Based Radio Astronomy 


Radio astronomy was born in 1930 when Karl 
Jansky (1905-1950) undertook a study for the Bell 
Telephone Company to identify sources of static af- 
fecting transoceanic radiotelephone communica- 
tions. Jansky identified one source of noise as a ce- 
lestial object: the Milky Way in Sagittarius. Jansky’s 
discovery was published in 1932 but had little im- 
pact on the astronomers of the day. However, an 
American engineer, Grote Reber, read Jansky’s 
work and decided to search for cosmic radio static 
in his spare time. By the 1940s, Reber had made 
detailed maps of the radio sky and had detected 
the Sun. He sensed that a new astronomy was in 
the making and so took an astrophysics course at 
the University of Chicago to learn more about as- 
tronomy and to discuss his discoveries with astron- 
omers—only a few of whom were impressed. 
World War II forced technical developments in ra- 
dio and radar work. John S. Hey in Britain acci- 
dentally discovered that the Sun strongly emits ra- 


Figure 9-3 The layout of the hexagonal structures of dio waves. After the war, he continued his 

the Keck mirror. (California Association for Research in astronomical pursuits at radio wavelengths. So did 

Astronomy) other groups in Britain, the Netherlands, and 
Australia. 


A common type of radio telescope, the radio 
dish (Figure 9-5), functions like a reflecting tele- 
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Figure 9-5 A radio dish. A view from the back of the 
NRAO millimeter-wave radio telescope on Kitt Peak. 
(M. Zeilik) 


scope. Essentially, it’s a radio-wave bucket with a 
detector (a radio receiver) at its focus. It reflects and 
concentrates radio waves the same way a mirror 
does in a reflecting telescope. The radio receiver 
translates incoming radio waves into a voltage that 
can be measured and recorded on magnetic tape. 
Finally, the measurements are usually made into a 
contour map or a false-color intensity map. 

Radio telescopes naturally have low resolving 
power. Remember, Onin * A/d; radio waves are 
much longer than the wavelengths of visible light, 
typically by 10°. So if an optical and a radio tele- 
scope have the same diameter, the radio one will 
have 10° times less resolving power. For example, 
for a radio telescope to have the same theoretical 
resolving power as the 5-m Hale optical telescope, 
it would be 10° times the diameter, about 500 km! 
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Obviously, a single dish of this size cannot be built 
on Earth. 

Radio astronomers use interferometry to make 
small radio telescopes function as if they were large 
ones—and so gain in resolving power. Imagine 
two radio telescopes placed, say, 10 km apart. If the 
signals received by the two are synchronized, the 
separate units can be made to act like a single dish 
with a diameter of 10 km, but only for a narrow 
strip across the sky. (That’s because they act like 
two small pieces at the opposite ends of a large 
dish.) The essence of interferometry is to consider 
the phase of the wavefronts reaching the two 
dishes of a simple interferometer. If a source is di- 
rectly overhead, the waves arrive at both telescopes 
in phase. When the signals are combined (electron- 
ically in a mixer), they constructively reinforce to 
give a strong signal. Now assume that the source 
has moved somewhat west of overhead so that the 
path lengths to the two antennas differ by exactly 
A/2. They arrive 180° out of phase and destruc- 
tively interfere. So the two telescopes “see” the sky 
as a series of bands of constructive and destructive 
interference—an interference pattern exactly like 
that for light passing through two slits. The angular 
separation of the peaks in the intensity pattern es- 
tablishes the resolving power of the interferometer. 

Consider two antennas (Figure 9-6) separated 
by a distance L, which is an integral multiple of the 
observing wavelength A, so that 


L=na 


where n is any integer. Now imagine a radiation 
source at O, a large distance from the antennas. The 
waves from this source travel along the different 
path lengths P; and P2, where P, > P2 and P’ is 
the extra amount of travel along P, = P + P’. 
Note that 


P’ = Lsin@ 


and for constructive interference, P’ must be inte- 
gral multiples of the wavelength, so that 


Lsin 6 = mA 
or 


sin 06 = mA/L 
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where m is any integer. As the Earth turns, @ varies. 
The fringes are evenly spaced by the angle for 
which m = 1: 


sin O; = A/L = A/nA = 1/n 


and because 6 will be small, sin 6, ~ 6 (in radi- 
ans) and 


Of = 1/n rad 


where n is just the number of wavelengths A in the 
baseline L. For L = 21 km at an observing wave- 
length of 21 cm, 


6, ~ 21/(21 X 105) ~ 10-5 rad ~ 2” 


comparable to an optical telescope. The result is the 
same as that for the minimum resolvable angle of 
an optical telescope of diameter equal to the inter- 
ferometer spacing. Note that the fringe spacing 
essentially sets the resolving power of the inter- 
ferometer. 

A two-antenna interferometer gives only one 
part of the separation between points in the source 
(in the same direction as the baseline). To map 
completely a section of the sky with uniform re- 
solving power requires a little trick: twisting the 
object with respect to the interferometer’s pattern, 
a technique known as aperture synthesis. This 
twisting can be accomplished naturally by observ- 
ing the source move across the sky; its motion will 
twist its orientation with respect to the interfer- 
ometer’s baseline. To help this process, the baseline 
of the interferometer can also be twisted or the an- 
tennas can be arranged in a Y pattern [as in the 
Very Large Array (VLA) in New Mexico, Figure 
9-7]. The Earth’s rotation effectively synthesizes an 
aperture with a resolution comparable to a single 
antenna with a diameter equal to the largest base- 
line between the dishes. Eventually, sets of inter- 


Figure 9-6 Geometry for an interferometer. The path 
length differences to the two antennas from the source 
at O generate the interference pattern. 


ference maps are combined by a computer to give 
a composite picture of the source with high reso- 
lution. The VLA and other interferometer arrays 
consist essentially of many two-antenna arrays at 
different angles to each other, operating on the 
same source at the same time. A complete radio 
picture can be constructed in about 1 day or less, 
depending on the resolution required, the area of 
the sky covered, and how long the object is above 
the horizon. 

Even higher resolution can be obtained by 
Very-Long-Baseline Interferometry (VLBI). The 
VLBI signals received by very distant antennas 


Figure 9-7 A radio interferometer. A view down one 
arm of the VLA. Each antenna is 25 m in diameter. The 


spacings are varied by moving the antennas between 
various stations. (M. Zeilik) 


(even located on different continents) are recorded 
on magnetic tape and combined later in a com- 
puter. The maximum baseline for such VLBI is the 
diameter of the Earth, L = 12,000 km, and so (for 
the preceding example) a resolving power of 6; = 
3 X 107% arcsec is possible at 21 cm. In the future, 
radio telescopes in space separated by larger base- 
lines will give even better resolution; some propos- 
als even envision one element of an interferometer 
in Earth orbit or on the Moon—a separation 30 
times greater than is possible on the Earth. Reso- 
lution could then approach about 100 arcsec and 
would be high enough to see the disks of nearby 
solar-type stars! As a compromise for this grand 
scheme, the National Science Foundation funded a 
VLBA (Very-Large-Baseline Array) that operates 
like the VLA but has greater antenna separations 
(up to a few thousand kilometers). Ten 25-m an- 
tennas are distributed from the Virgin Islands to 
Hawaii and controlled by telephone links from an 
operation center in New Mexico. The receivers are 
synchronized by atomic clocks, and the data tapes 
are shipped to a computer in New Mexico for im- 
age processing. 


@ Ground-Based Infrared Astronomy 


Carbon dioxide and water vapor in the Earth’s at- 
mosphere limit what ground-based infrared astron- 
omers can observe to only a few wavelength 
ranges: 2 to 25, 30 to 40, and 350 to 450 wm. Such 
observations are best made from high sites in dry 
climates, where there is a minimum of water vapor 
in the atmosphere above the telescope. 

An infrared telescope differs from an optical 
one in the detector at the telescope’s focus. Special 
infrared detectors suitable for astronomical work 
have been around for about 20 years. A common 
infrared detector is a thermal detector called a bo- 
lometer, a tiny chip of germanium (about the size 
of the head of a very small nail) cooled to about 2 
K. When infrared radiation strikes it, a bolometer 
heats up and its resistance to an electric current 
changes. Such changes can be measured electroni- 
cally, and the amount of variation indicates how 
much infrared energy the bolometer is absorbing. 

Infrared observing has at least two distinct ad- 
vantages over optical observing. First, infrared ra- 
diation is hindered less by interstellar dust. Second, 
cool celestial objects (3000 K and cooler) give off 
most of their radiation in the infrared (as expected 
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from Wien’s law for blackbody radiation). Another 
practical advantage is that much infrared observing 
can be done during the day, when telescopes are 
not used by optical astronomers. This advantage 
occurs because very little sunlight at infrared wave- 
lengths is scattered by air molecules, leaving the 
infrared sky dark both day and night (except look- 
ing directly at the Sun). However, infrared astron- 
omy has the problem that a telescope emits like a 
blackbody at 300K, so that, as expected from 
Wien’s law, it generates an intense infrared flux at 
10 um. The Earth’s atmosphere also contributes a 
strong background flux at this wavelength. Special 
techniques have been developed to compensate for 
these strong local fluxes in order to measure the 
much smaller infrared flux from celestial objects. 


Space Astronomy 


Most infrared, ultraviolet, and X-ray emission can 
be detected only above the Earth’s atmosphere 
from airplanes, balloons, rockets, satellites, or 
spacecraft. For example, most of the far-infrared ra- 
diation (wavelengths longer than about 40 um) 
does not penetrate to the ground. At altitudes of 15 
to 20 km or so, however, very little of the Earth’s 
atmosphere remains above the observer. Far-infra- 
red observations can be made at these altitudes 
from airplanes or balloons. The equipment is sim- 
ply a reflecting telescope equipped with a bolo- 
meter. 

Low-energy infrared astronomy had a space 
champion: the Infrared Astronomical Satellite or 
IRAS. An international collaboration of the United 
States, United Kingdom, and the Netherlands, 
IRAS mapped the sky at infrared wavelengths, in 
bands at 12, 25, 60, and 100 «xm, with a 57-cm tele- 
scope and an array of 62 detectors. The satellite 
functioned for about nine months until it ran out 
of the liquid helium that kept the infrared detectors 
cooled down to 2 K (and the whole telescope below 
5 K). A stunning success, [RAS scanned almost all 
the sky close to three times. It detected over 200,000 
infrared sources, which are kept in a computer ar- 
chive. Many of these related to the process of star- 
birth in the Milky Way (more in Chapter 19). 

For ultraviolet astronomy, methods of light 
gathering and detection are similar to those of op- 
tical astronomy. Special electronic devices respond 
well to ultraviolet light, and so detection presents 
no serious problem. Because glass absorbs ultravi- 
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olet light, refracting telescopes cannot be used, but 
reflectors work perfectly well. Good ultraviolet as- 
tronomy must be done from space, for the absorb- 
ing layer of the atmosphere (the ionosphere) is 
higher than balloons or aircraft can reach. Probably 
the most successful ultraviolet telescope has been 
the International Ultraviolet Explorer (TUE) launched 
in 1978 and now shut down. It had a 0.45-m tele- 
scope with detectors that operated from 115 to 320 
nm, these were secondary electron conducting 
(SEC) vidicon tubes. 

For the high-energy realm of X-rays, special 
gathering and focusing techniques are required. 
X-ray telescopes use the fact that X-rays can be re- 
flected from certain surfaces if they strike at very 
small angles, almost parallel to the reflecting sur- 
face. This design is called a grazing incidence tele- 
scope; it provides reflectivities of about 50% from 
silvered surfaces. Such reflections by a complex se- 
ries of concentric parabolic and hyperbolic reflect- 
ing surfaces produce images, which are sensed by 
electronic detectors. HEAO-B, which is called the 
Einstein Observatory and was launched in 1978 and 
used until 1981, was probably the most productive 
of recent X-ray telescopes. The 58-cm telescope 
(which contained four nested pairs of parabolic/ 
hyperbolic mirrors with a total effective area of 400 
cm?) in the satellite produced high-resolution im- 
ages (with grazing angles of 40 to 70 arcmins) of 
X-ray sources in the wavelength range from 0.3 to 
5 nm. The data are available in a computer archive 
for examination and analysis by astronomers. 

The current functional X-ray telescope is called 
ROSAT (the Roentgen Satellite), launched in 1990; 
it is a joint project of the United States, Germany, 
and the United Kingdom. It can provide high- 
resolution X-ray images covering areas about 5 arc- 
min square. ROSAT’s first priority is a complete 
survey of X-ray sources in the sky; it will then ob- 
serve selected target sources. 

Because of their high energies, gamma rays 
pass right through most materials, including tele- 
scopic optics. So they are detected instead by their 
interactions with special materials, during which 
they cause flashes that are then sensed by photo- 
tubes [Section 9-3(B)]. Particle accelerator detectors 
use the same devices—they are called scintillation 
counters. Gamma ray telescopes can be restricted to 
view a few degrees of the sky, and the source(s) 
can lie anywhere in that region. Hence, their posi- 
tion accuracy and angular resolution are typically 
rather poor. 


The Compton Gamma Ray Observatory was 
placed in orbit by the Space Shuttle in 1991 and 
still operates; it weighs some 17 tons! This bulk 
contains some 6 tons of gamma-ray detectors of 
various kinds, designed to sense a region from 20 
keV to 30 Gev. One key instrument is the Burst and 
Transient Source Experiment (BATSE) designed to 
detect gamma ray bursts from 20 to 600 keV [more 
in Section 18-6(D)]. Another is the Imaging Compton 
Telescope (COMPTEL), which works from 1 to 30 
MeV and has a resolution of about 1°; it can image 
extend sources. 


@ The Hubble Space Telescope 


On April 24, 1990, the space shuttle Discovery trans- 
ported the Hubble Space Telescope (HST) into space. 
The astronauts deployed it the next day. It was a 
long time coming. The godfather of the concept in 
the United States was Princeton astrophysicist Ly- 
man Spitzer, Jr., who in a 1946 report envisioned 
the use of powerful rockets for astronomy. In 1962, 
NASA commissioned study groups for future as- 
tronomy payloads; and in 1965, the Space Science 
Board of the U.S. National Academy of Sciences 
recommended that NASA pursue a large space 
telescope. In 1969, a committee chaired by Spitzer 
proposed scientific objectives for a 3-m telescope. 
The U.S. Congress gave its approval in 1977. The 
launch was originally planned for 1982; this date 
slipped to 1986; the Challenger explosion halted ef- 
forts until the spring of 1990—almost three decades 
after conception. At a developmental cost of $1.5 
billion, the HST is the most expensive astronomical 
project ever. (For comparison, the VLA cost a bit 
under $80 million when completed in 1981.) 

After all that time and money, astronomers 
were shocked to find out during tests that the main 
mirror is flawed. Simply put, the overall shape of 
the 2.4-m primary mirror is too shallow, from edge 
to center, by about 2 4m and so suffers from spher- 
ical aberration. As small as this error seems, it is 
large compared to the wavelengths of ultraviolet 
and visible light. The spherical aberration means 
that light rays come to a focus at different distances 
(along the focal path) that depend on the radius at 
which the light rays strike the primary mirror. So 
the images of stars cannot be brought into good 
focus. The original specifications mandated that 
most of the starlight should fall into an image with 
a radius of 0.1 arcsec. The actual performance was 
a radius of 0.7 arcsec, about that of a ground-based 


Figure 9-8 Comparison of HST 
images to a ground-based image of 
the spiral galaxy Messier 100. Up- 
per left: WFPC-2 image showing 
resolution of individual stars (ar- 
rows). Upper right: WFPC-1 image 
of the same region before installa- 
tion of new optics. Lower left: A 
computer-processed, deconvolved 
WFPC-1 image, the best quality that 
could be obtained with the old op- 
tics. Lower right: A Palomar 5-m 
image on a night of good seeing. 
(NASA) 


WF/PC-1 : deconvolved 


telescope at a good site. But remember that HST 
was designed for a 15-year mission, with new and 
upgraded instruments ferried up by future shut- 
tles. In 1993, the crew from the space shuttle En- 
deavour serviced the telescope. Compensating op- 
tics were installed as well as a new Wide Field 
Planetary Camera (WFPC-2 in NASA jargon). The 
fix achieved its goals (Figure 9-8); now 70% of a 
star’s image falls within 0.1 arcsec, very near the 
telescope’s diffraction limit. A recent servicing mis- 
sion took place in February 1997 to upgrade se- 
lected instruments. 


9-3 
DETECTORS AND IMAGE PROCESSING 


You may have the romantic image of an astrono- 
mer glued to the eyepiece of a telescope through a 
cloudless night working to produce spectacular 
photographs. Today, most astronomers observe 
through the telescope on a television screen from a 
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WF/PC-2 


Palomar 5m on a good night 


warm room! And most optical observations (which 
encompass a narrow region of the electromagnetic 
spectrum) no longer involve direct photography. 
Here we will give you a taste of modern technol- 
ogy’s influence on astronomy. 


Photography 


This old standby still cannot be beat if the goal is 
to gather a large amount of storable information in 
a short time. Special photographic emulsions used 
by astronomers are usually coated on a glass plate, 
whose size depends on the characteristics of the 
telescope employed. (The glass plate does not flex 
and can be measured accurately.) The emulsion can 
integrate the light striking it to build up an image 
of very faint objects over a long period of time 
(Figure 9-9)—occasionally many hours spread 
over several nights. The plates are often specially 
treated to increase their sensitivity to light, and yet 
they rarely have quantum efficiencies greater than 
a few percent. We use quantum efficiency (QE) to 
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Figure 9-9 Time exposures and information. Longer 
times for exposing a photographic plate reveal fainter 
details. The times here are 1, 5, 30, and 45 min for the 
Andromeda galaxy. The first exposure is similar to the 
visual view through a small telescope. (National Optical 
Astronomy Observatories) 


Telescopes and Detectors 


mean the percentage of photons striking a detector 
that activate it relative to the incoming total. The 
QE of any detector is a function of wavelength: 


QE(A) = # photons detected/# photons incident 


A perfect detector would have QE(A) = 1.0 or 
100%; in practice, detectors differ considerably in 
how QE varies with wavelength. The human eye, 
for example, has a peak QE ~ 1% at 550nm 
(Figure 9-10). A photographic plate achieves a 
typical QE of 1% in the range from 400 to 650 nm 
(Figure 9-10). 

Although a photograph’s quantum efficiency is 
relatively low, its large area collects information 
from a large part of the entire field of view of the 
telescope. The resolution of the plate is limited by 
the grains in the emulsion; these are at best 20 ~m 
across. Also, the image results from the density of 
the grains, so that the intensity is a function of the 
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Figure 9-10 Response curves of the quantum efficiency 
of a charge-coupled device, photomultiplier tube, pho- 
tographic plate, and the human eye. (J. Kristian) 


logarithm of the density rather than directly as the 
number of photons. This means that a photo- 
graphic plate is not a linear detector (in this sense, 
it mimics the eye). 

The image can later be converted to a digital 
form that can be manipulated by computer to en- 
hance specific aspects of the original data (Figure 
9-11). This process, called image processing, plays 
a central role in all types of astronomy today, es- 
pecially invisible astronomy, where the computer- 
processed image quickly conveys significant infor- 
mation to the human brain. 


@ Phototubes 


The quantum nature of light shows up dramati- 
cally in the photoelectric effect. Light striking the 
surfaces of certain materials can be absorbed and 
an electron dislodged. The photons must have a 
certain minimum energy to knock out the electrons. 
The displaced electrons can flow in a current, or 
they can be individually counted. A device that 
does this counting is called a phototube. A photo- 
tube that can transform one electron into many 
(~10°) for ease of detection is called a photomulti- 
plier. Phototubes do not produce images; they sim- 
ply measure the flux of photons through the focal 
plane of a telescope, usually through a small ap- 
erture that restricts the field of view to, say, a single 
star or galaxy. Filters can be placed in the light path 
in front of the phototube to restrict the detection to 


Figure 9-11 Image processing of an archival photo- 
graph. A computer-processed image of a 1910 photo- 
graph (taken at Lowell Observatory) of Halley’s Comet. 
The computer enhances the differences of brightness in 
the tail, which are not obvious in the original photo- 
graph. (National Optical Astronomy Observatories) 


certain wavelength bands. The active materials in 
phototubes have quantum efficiencies that some- 
times reach 20%, although 10% is more typical 
\Figure 9-10). The response of a photomultiplier is 
generally linear—twice the flux gives twice the cur- 
rent. Hence, light intensity can be measured with 
great accuracy by measuring an electric current or 
by counting the rate of production of individual 
photons. 

A television camera includes a phototube de- 
signed to produce images by a magnetic focusing 
technique. However, commercial television cam- 
eras are not very sensitive, cannot accumulate im- 
ages over long times, and are not linear in re- 
sponse. (Linearity is important because you want 
the output to be directly proportional to the num- 
ber of photons captured.) Astronomers have mod- 
ified television systems for certain applications— 
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for a telescope’s acquisition and guiding, for 
example. 


Charge-Coupled Devices 


Astronomers would love an ideal detector for their 
demanding low-light applications. It would have a 
high quantum efficiency (to make good use of 
those few photons), the ability to integrate, a linear 
response over a wide range of photon fluxes, and 
the ability to cover a large angular field of view (as 
does a photographic plate). Recent advances in 
solid-state microelectronics have resulted in the de- 
velopment of charge-coupled devices (CCDs), 
which may be the astronomers’ dream detector. A 
CCD is a small chip, a few to 10mm on a side, 
made of a thin silicon wafer. (It uses the same mi- 
croelectronic technology employed in integrated 
circuits.) It consists of a large number of small re- 
gions each of which makes up a picture element 
called a pixel. A typical chip may contain 800 by 
800 pixels (640,000 total) arranged in rows and col- 
umns that can be electronically controlled. Each 
pixel independently can accumulate a charge as 
photons are absorbed and dislodge electrons. In a 
sense, each pixel acts like a very small phototube, 
but a CCD can integrate the charge in the pixels 
for a long time and then move the charges out in 
a regimented way to preserve digitally the spatial 
pattern of light intensity falling on the chip. Com- 
puters then process the image from each exposure 
of the chip. 

CCDs offer the following advantages over 
other detectors. First, they are highly quantum ef- 
ficient—close to 100% in the red region of the spec- 
trum. This great quantum efficiency means that a 
small telescope can act like a large one. Second, 
CCDs are very linear, and so they can easily mea- 
sure light intensity accurately. Third, although 
small so far, CCDs are area detectors. They cover 
a good fraction of a telescope’s field of view (as if 
many small phototubes were operating at once, a 
multichannel detector that makes use of most of the 
light coming through a telescope at a given time). 
Fourth, the image emerges in a naturally digital 
form, ready for computer processing. 

Along with the inexpensive microcomputers 
that are a key part in the operation, CCDs are the 
best current example of technology expanding the 
capabilities of older, smaller telescopes. The sky 
subtends a large solid angle, but any one telescope 
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sees only a small piece of that solid angle at any 
one time. And the number of telescopes is ex- 
tremely limited; many are in great demand. CCDs 
enhance the power of small telescopes and may 
well re-elevate the status of the small observatory. 
For example, in the ability to detect faint objects, a 
1-h exposure on a 61-cm telescope with a CCD 
equals a 1-h exposure on a 500-cm telescope with 
a photographic plate. 


® Signal to Noise 


Just detecting photons is not sufficient to make a 
high-quality astronomical observation. The real 
goal is that observations should contain the most 
information possible, which is usually discussed in 
terms of the signal-to-noise ratio. All observations 
contain noise, even if the instruments are perfect, 
because of the statistical fluctuations in a beam of 
photons acting as particles. Consider o,, as the 
standard deviation from the mean in a series of 
measurements, say that of counting photons. Then 
if (N) is the mean number of photons counted, the 
signal-to-noise ratio is 


S/N = (N)/om 


The larger this number, the higher the quality of 
the observation, and the more information it 
contains. 

Now, photons obey a Poisson probability dis- 
tribution, so that if these fluctuations are the only 
source of noise, then 


Om = (NY? 
and it follows that 
S/N = (N)¥2 


Hence, if we count 104 photons, the S/N = 100. 

Consider a detector on which falls a photon 
flux f,, measured in photons per second. Then the 
total number of photons detected is the product of 
the detector’s QE, the photon flux, and the length 
of time of the observation (usually called the inte- 
gration time t): 


(N) = QEXf, X t 
and so 
S/N = (QE X fp X t)”? 


This fundamental equation tells you of the essential 
limits of observational astronomy and the critical 


role of a detector’s QE. For instance, if we double 
QE, the S/N increases by 1.414 for the same inte- 
gration time. Or we can double the integration time 
to achieve the same increase in S/N. Although it 
appears that increasing t will result in any S/N we 
want, the reality is that we have a limited amount 
of telescope time; the higher the QE, the shorter the 
integration time and the more efficient the use of 
the telescope. So the best strategy would be to 
know what information content we must achieve 
to make sense of the observations and to aim for 
that level of S/N. 


9-4 
SPECTROSCOPY 


Broad band and narrow band photometry are very 
useful tools for analyzing astronomical sources, but 
there are many instances when we need to examine 
the wavelength distribution of intensity with much 
higher resolution. When we look at the intensity 
versus wavelength, we are observing the spectrum 
of the object. The two principal ways we use to 
separate the “white light” of an object into its spec- 
trum are by passing the light through a prism or 
by using a diffraction grating. 


Prism Spectroscopy 


Figure 9-12 illustrates the path of light through a 
prism. The refraction of light at the air/glass inter- 
faces is governed by Snell’s law [Section 8-1(A)]. 


N, sin 0, = ng sin 62 
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Figure 9-12 The path of light through a prism. The 
wavelength dependence of the index of refraction causes 
each color to pass through the prism at a slightly differ- 
ent angle—thereby producing a spectrum. 


The index of refraction in air n, is very close to 1. 
The ability of a prism to disperse white light into 
a spectrum comes from the fact that the index of 
refraction in glass n, is a function of wavelength. 
Therefore, the refracted angle @ is also a function 
of wavelength. 

Most prism spectrographs are designed with 
both the incident angle and emergent angle at ap- 
proximately 60°. This represents a compromise be- 
tween high dispersion (that is, greater separation 
of the colors) and transmission efficiency. 

Prism spectrographs are not very common in 
astronomy. The reason for this is twofold. First, re- 
fractive optics are difficult to construct because the 
glass must be perfect and must be finished on more 
than one side. The second reason is more impor- 
tant. Because the index of refraction in glass is a 
very complicated function of A, the spectrum is 
highly nonlinear. This makes it very difficult to cal- 
ibrate (to relate the position in the observed spec- 
trum to A). 


@ Grating Spectrographs 


Figure 9-13 illustrates a magnified view of the sur- 
face of a reflective diffraction grating. The grooves 
act very much like the small holes in a double-slit 
interference experiment in that they cause the 
many reflected light paths to interfere with each 


Figure 9-13 A magnified cross section of the surface of 
a reflective diffraction grating. Because of interference ef- 
fects for light paths reflected from different grooves, the 
angle of reflectance is greater for longer wavelengths— 
thereby producing a spectrum. The pitch angle of the 
grooves is called the blaze angle and is adjusted to put 
a maximum amount of light into the desired order at 
which the grating will be used. The order n must be an 
integer. 
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other. In some directions the paths interfere con- 
structively and in others destructively. The angles 
for constructive interference are given by 


sin 9 = (nA)/d 


where A is the wavelength, d is the groove spacing, 
and n is the order of the spectrum. Because these 
are the angles at which the interference adds, and 
because the angle is dependent upon A, the result 
is a series (determined by n) of bright spectra. Note 
that the zeroth order has no A-dependence and is 
therefore just a white light image. A second im- 
portant point is that the dispersion of the spectra 
increases with increasing order. Third, because 
sin 6 ~ 6 for small angles (in radians), the disper- 
sion is approximately linear with A. 

Figure 9-14 shows the light path of a grating 
spectrograph. The observer usually has several op- 
tions for the gratings, which range from 300 to 1800 
grooves mm}. One problem with gratings is that 
the presence of many orders means that not all the 
light goes into the order chosen for observation, 
which decreases the efficiency of the observations. 
This problem can be somewhat mitigated by care- 
fully choosing not only the number of grooves but 
also their angle. The proper blaze angle can concen- 
trate as much as 80% of the light into one order. 

In a normal grating spectrograph at higher or- 
ders, hence higher dispersions, the orders overlap 
and are not useful. An echelle grating is an alter- 
native that is designed for high dispersion. In this 
kind of spectrograph, the grating is illuminated at 
a very oblique angle. (The grooves are more like 
steps in this case.) Typical useful orders are in the 
range of 50 to 100. By adding a low dispersion grat- 
ing acting perpendicular to the echelle’s axis of dis- 
persion, the overlapping orders are placed side by 
side. Therefore, a two-dimensional detector is 
essential. 


Observing with Spectrographs 


Most modern optical spectroscopy is done with a 
normal grating spectrograph, a CCD detector, and 
a long slit. The spectrum can be thought of as an 
image of the slit at each wavelength. For extended 
objects such as galaxies or gaseous nebulae, the im- 
age along the slit is resolved. So the distribution of 
spectra at various parts of the object is observed. 
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The astronomer may be looking for the radial 
velocities of the observed objects by measuring 
their Doppler shifts. In this case one would opti- 
mize the resolution of the spectrograph. Higher 
resolution is obtained by employing a grating with 
a higher density of grooves and by narrowing the 
slit. For faint objects, a compromise must be 
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Figure 9-14 The optical path 
for a typical modern grating 
spectrograph. 
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reached and resolution might have to be sacrificed 
for a reasonable S/N ratio. Observations of radial 
velocities require concerted efforts at calibrating 
the spectra by frequent observations of a gas dis- 
charge tube (often using iron, helium, neon, and 
argon) that provides a bright line comparison spec- 
trum at zero velocity. 


Figure 9-15 An example of 
the spectrum of an A spectral 
type star observed with the 
Boller and Chivens grating 
a spectrograph at the Steward 
Observatory 90” telescope. 
Note the strong, regularly 
spaced absorption lines of the 
hydrogen Balmer series. 


600 680 


A second type of observation focuses on the 
spectral intensities more than the line positions. In 
this case, spectrophotometry, one must be more 
concerned with calibrating the effects of nonuni- 
form detector response and the effects of the 
Earth’s atmosphere. This demands frequent obser- 
vations of standard flux objects such as well- 
observed stars. Figures 9-15 and 9-16 show ex- 
amples of stellar spectra observed with a grating 
spectrograph. In Chapters 21 and 22 you will find 
sample galaxy spectra. 

For various special projects, alternatives to the 
standard observing technique may be chosen. One 
of the major problems with long-slit spectroscopy 
is that only one object is observed at a time. One 
relatively well-proven means of obtaining many 
spectra simultaneously is to use an objective prism 
in front of a Schmidt telescope. The prism covers 
the whole diameter of the telescope tube, and the 
design of Schmidt telescopes emphasizes their abil- 
ity to make wide-field observations. Therefore, the 
photographic plate records the spectra of all objects 
in a very wide field. Although the spectra are of 
low dispersion since the prism must have a quite 
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Figure 9-16 An example of 
the spectrum of a G spectral 
type star observed with the 
same instrument as in Figure 
9-15. 
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narrow apex angle, they are very useful for classi- 
fications. Hundreds of thousands of stars have had 
their spectral types determined in this manner. In 
the extragalactic field, objective prism surveys have 
been employed to observe unusual objects such as 
quasars and emission line galaxies. 

Another, more modern, means of obtaining 
many simultaneous spectra is multi-slit spectros- 
copy. This type of spectroscopy comes in two 
forms. In one, a mask is made for each field of view 
planned for an observing run. The mask is often 
photographically generated and is opaque in all re- 
gions except for tiny slits at the positions of the 
objects. A CCD image of the focal plane then pro- 
vides a number of spectra centered at the position 
of each object. The second form of multi-slit spec- 
troscope really uses only one long slit and brings 
the light from each desired object to the slit by 
means of fiber optics. One end of each fiber has a 
small lens glued onto it and can be positioned any- 
where in the focal plane by means of computer- 
controlled arms. A CCD image of the one long slit 
then has several spectra lying side by side along 
the length of the slit. 


440 520 600 680 
Wavelength (nm) 


196 Chapter 9 


Telescopes and Detectors 


BLE_9 The New Generation of Optical and Infrared Telescopes 


Large Telescopes 


Name 


New Technology Telescope 

Keck Telescopes 

ARC Telescope 

Starfire Optical Range 

MMT 

WIYN Telescope 

Columbus Project 

Very Large Telescope 

Magellan Project 

National Optical Astronomy Observatories 
National Optical Astronomy Observatories 
Japanese National Large Telescope 
Hobby-Eberly Telescope 


Interferometers 

Name 

Mark III 

Infrared Michelson Array 

Infrared Spatial Interferometer 
Infrared-Optical Telescope Array 

Big Optical Array 

USNO Astrometric Interferometer 
Center for High Resolution Astronomy 


Location Mirror Size (m) 
La Silla, Chile 3.58 
Mauna Kea, HI two 10 
Sunspot, NM 3.5 
Albuquerque, NM 3.5 
Mt. Hopkins, AZ 6.5 
Kitt Peak, AZ 3.5 
Mt. Graham, AZ two 8 
Chile four 8 
Las Campanas, Chile 8 
Mauna Kea, HI 8 
Cerro Pachon, Chile 8 
Mauna Kea, HI 75 
McDonald Obs., TX 11 
Location Elements 
Mt. Wilson, CA 2 
Laramie, WY 2 
Mt. Wilson, CA 2 
Mt. Hopkins, AZ 2 
Arizona 6 
Flagstaff, AZ 4 
Flagstaff, AZ 7 


9-5 
THE NEW GENERATION 
OF OPTICAL TELESCOPES 


Astronomers have not, however, reached the end 
of their need for improvements. A new generation 
of optical telescopes with mirror diameters of 7 to 
10 m is currently planned or actually under con- 
struction. The two main goals are for better reso- 
lution and for the ability to detect fainter objects. 
Some of these new observatories place more than 
one mirror into the same telescope structure or 
couple the output from more than one telescope. 
These telescopes can clearly improve the detection 
of faint objects, but some of them can also achieve 
resolutions that compete with those obtainable 
from orbit. In addition to the Keck 10-m telescopes 


Section 9-1), other new observatories are listed in 
Table 9-2. 

One way to improve resolution in the near in- 
frared comes simply through the larger apertures. 
In the visible window, the dominant image deg- 
radation results from atmospheric turbulence 
which arises from convective motions of “cells” 
with typical diameters of 15 to 30 cm. Because these 
atmospheric cells have different temperatures and 
hence different indices of refraction, the image 
moves as it passes through different cells. A some- 
what different regime holds in the near infrared, 
where the image resolution is limited by diffraction 
caused by the telescope aperture itself. Larger di- 
ameters will narrow the diffraction limitation 
down to the point where the seeing becomes the 
principal problem in the infrared as well as in the 
visible. 


A second way to improve resolution is to ac- 
count for the motion of the atmospheric cells in real 
time. Because the turbulence can be thought of as 
deforming the initially planar form of the wave- 
front from the astronomical source, we could, in 
principle, deform the telescope optics to compen- 
sate for the waveform—adaptive optics. The en- 
gineering difficulties of this procedure are substan- 
tial. One has to sample the incoming waveform and 
move a large number of actuators at the base of the 
primary mirror to alter its shape. All of this has to 
happen with a frequency of about 100 Hz! 

A third method is to perform aperture synthe- 
sis interferometry in a manner similar to that used 
by radio interferometers like the VLA. This is also 
an extremely challenging engineering problem. Be- 
cause the wavelength of visible light is many or- 
ders of magnitude less than that of radio waves, 
the necessity of combining the different light paths 
while keeping their relative phase differences intact 
is quite difficult. The most ambitious effort in this 
direction is the Very Large Telescope project of the 
European Southern Observatory. The four 8-m 
diameter telescopes are planned with separations 
on the order of tens of meters. The telescopes can 
be operated independently, but there will also be 
a facility for combining their light as an 
interferometer. 

All the new telescopes demand new technolo- 
gies in mirror construction. In the past, mirror 
blanks were cast as monolithic disks having di- 
ameter-to-thickness ratios of 6:1 to 8:1. At the di- 
ameters of the new generation of telescopes, this 
thickness ratio would make the new mirrors far too 
heavy to support with the needed accuracies. The 
amount of mass of large, thick mirrors would also 
make them unsuitable because of their high thermal 
inertias. If the mirrors are not at the ambient tem- 
perature of the air in the telescope dome (tolerances 
of less than 0.1 K for some applications), air cur- 
rents can worsen the convective turbulence. Be- 
cause the modern mirrors are also to be quite fast, 
having f-ratios of 1.2 to 2.0, the deep cuts that 
would have to be made in the initial flat surface 
would be very expensive; up to $1,000,000 of glass 
would have to be ground away! 

Some of the new methods for mirror construc- 
tion include segmented mirrors like those of the Keck 
telescopes, thin meniscus mirrors, and honeycomb mir- 
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rors. The latter two methods demand that the mir- 
ror and its oven be rotated during the casting and 
annealing stages in order to approximate the final 
figure—hence much less grinding. With these tech- 
niques the diameter-thickness ratios of the new 
mirrors can be as large as 40:1. 

The Hobby-Eberly Telescope (HET) in Texas 
has a special design tailored for one specific func- 
tion—to do astronomical spectroscopy of very faint 
astronomical objects. Like the Kecks, the HET has 
segmented, hexagonal mirror elements: 91 in all for 
a total ares equivalent to that of a single 11-meter 
one. Unlike the Kecks, the HET has a fixed eleva- 
tion of 55° around a complete circle of azimuth. 
This configuration allows a 70% sky coverage but 
keeps a constant stress on the mirrors, which 
avoids distortions in the image and results in more 
efficient observations. 

The ultimate goal of the coming generation of 
telescopes is for high resolution to go with the large 
apertures. Hence, these telescopes will be located 
only at sites with excellent seeing potential. The 
best sites are located in the Southwestern United 
States, Hawaii, and the Chilean Andes on relatively 
high mountains where the seeing disk can often be 
as sharp as 0.3 arcsec. In addition to a good site, 
astronomers must make sure that the telescope 
dome does not contribute to poor seeing. This ne- 
cessitates removal of all heat sources within the 
dome and maximizing the ventilation. The whole 
structure, including dome, telescope support struc- 
ture, and mirror needs to be brought to the ambient 
temperature, and some of the new domes can be 
opened for 360° around the telescope by collapsing 
flexible walls or opening louvers. 

Astronomers have found that each large tele- 
scope needs to be supported by smaller telescopes. 
Typically, the smaller instruments make surveys to 
find the relatively small number of critically inter- 
esting objects that only the giant telescopes can 
properly examine. With the new generation of 
large telescopes, a wise addition to the astronomy 
community would be an increased number of 
smaller ground-based telescopes. Several analyses 
have shown that the 4-m class offers the best com- 
promise between modest cost and good scientific 
rewards, and we hope that the number of these 
instruments will soon increase. 
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Telescopes and Detectors 


Telescope properties Signal to noise (photon-noise limited detector) 


Light-gathering power « Area of objective 
Resolving power (diffraction limit) = 1/@nin 
Magnifying power = F/f 


S/N = (QE x f, x #)!/? 


<= ee 


. Compare the resolving power and the light-gather- 
ing power of the human eye with those of a 
(a) 10-cm telescope 
(b) 4-m telescope 


. For what astronomical purposes would one use a 
telescope having a long focal length and a large f 
ratio? 


. The maximum possible antenna separation of the 
VLA is 40 km. What is its resolving power when op- 
erating at 15cm? Why is it that the Earth’s atmo- 
sphere does not limit the resolving power? 


. The transmission of the Earth’s atmosphere at 3 wm 
is about 10%. Astronomers define the optical depth 
tT at some wavelength A such that (Section 8-7) 


I, = I, exp(—7) 


where I, is the original intensity in a light beam and 
I, the intensity after passing through a material with 
optical depth +. What is the optical depth through 
the Earth’s atmosphere at the zenith at 3 4m? 


. Calculate the scale height for water vapor in the 
Earth’s atmosphere. Use this information to state 
whether telescopes atop Mauna Kea would be better 
for infrared astronomy than ones at sea level. 


. The shortest wavelength at which VLBI is routinely 
done is 1.3 cm. 

(a) What is the minimum resolvable angle of an in- 
terferometer operating at 1.3 cm if the baseline is 
about one Earth diameter? 

(b) VLBI experiments are now being attempted at a 
wavelength of 3mm. What is the resolving 
power at this wavelength for an Earth-diameter 
baseline? 


7. 


10. 


One of the disadvantages of an interferometer is that 
it is insensitive to objects with angular sizes much 
larger than the minimum resolvable angle of the 
shortest baseline (essentially because different por- 
tions of the source destructively interfere with each 
other). The flux from a source of angular diameter 
@’ measured by an interferometer of baseline L (in 
kilometers) is approximately 


Fneas ~ Frue exp[—0.3(L6/A)?] 


where A is measured in centimeters. For a wave- 
length of 6 cm, what is the largest angular size of a 
source that can be observed with an interferometer 
of minimum baseline 1000 km if the lowest detect- 
able flux is 0.1R;ue? What would be the properties of 
sources that one would not want to observe using an 
interferometer? 


. (a) What is the theoretical resolution of the Hubble 


Space Telescope (objective diameter = 2.4 m) at 
(i) A = 500 nm (visible) 
(ii) A = 200 nm (ultraviolet) 
(iii) A = 2000 nm (infrared) 
(b) Considering your answers to (a), why would it 
ever be advantageous to observe in the infrared 
with the space telescope? 


. What are the observational characteristics of an ob- 


ject that is better studied by the Hubble Space Telescope 
than by a very large ground-based optical telescope? 
What are the characteristics best suited for a very 
large ground-based optical telescope? 


One of the main advantages of photographic plates 
or CCDs is their ability to integrate, that is, to collect 
light for a time much longer than the human eye can. 
The human eye effectively integrates for about 0.2 s 
(which is why we don’t notice the individual frames 
of movie films). The flux of the faintest object that 


11. 


12. 


13. 


14. 


15. 


can be detected is proportional to 1/t!/2, where t is 
the integration time. How much fainter an object can 
be detected using a 1-h integration on the Palomar 
5-m telescope than can be seen with the naked eye? 


One of the major difficulties with gamma-ray astron- 
omy is the poor resolving power, with angles less 
than about 2° being unresolved even for the best in- 
struments. Nevertheless, gamma-ray images of our 
Galaxy have been produced using satellite data. Dis- 
cuss the difficulty in interpreting these images in 
light of the poor resolving power. 


Compare the theoretical resolution of a 5-m optical 
telescope at 500 nm with a 300-m radio telescope at 
21cm. Comment on why radio astronomers regu- 
larly use the technique of interferometry in order to 
map small angular scale structures. 


You are observing a faint star and would like 1% 

accuracy in your photometric measurement (e.g., sig- 

nal to noise = 100:1). After 5 minutes of integration 

time, you have a signal-to-noise ratio of 10:1 (10% 

accuracy). 

(a) What is the total integration time required to 
achieve the desired signal-to-noise ratio of 
100:1? Do you think it is worth striving for this 
accuracy of measurement? 

(b) If you could increase the quantum efficiency of 
your detector by a factor of 10, what would be 
the total integration time required to achieve the 
desired signal-to-noise ratio of 100:1? Do you 
think it would now be worth striving for this ac- 
curacy of measurement? 


A CCD detector is mounted at the focus of an f/14 

reflecting telescope with a 40-cm-diameter mirror. 

The CCD chip contains 500 by 500 pixels, with each 

pixel being 20 4m square. 

(a) What is the angular size (in arcseconds) of the 
sky which is imaged on each pixel? 

(b) What is the angular field (in arcminutes) of the 
CCD chip? 


To appreciate how advances in telescope design and 
instrumentation have allowed astronomers to study 
previously undetectable faint objects, compare a 
present-day imaging system with that of two decades 
ago. Given identical integration times, how much 


16. 


17. 


18. 


19. 
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fainter an object can a Keck 10-m telescope equipped 
with a CCD detector of quantum efficiency 70% de- 
tect than the Mt. Palomar 5-m telescope equipped 
with a photographic plate (quantum efficiency 1%)? 


The sodium D-lines in the solar spectrum have wave- 

lengths of 589.59 and 589.00 nm. 

(a) Given a grating with 10* lines/cm, what is the 
angular separation of the lines in first order? 

(b) Given a grating with 10* lines/cm, what is the 
angular separation of the lines in second order? 


Suppose two stars have an angular separation of 6 
arcsec on the sky. How far apart are these images at 
the focal plane of a telescope with focal length f? 


A telescope has a temperature of about 300 K. Why 
is this a problem at infrared wavelengths (~ 10 zm)? 
What is this not a problem at visual wavelengths? 


Recall [Section 4-5(B)] that the pressure distribution 
of an atmosphere can be described by the barometric 
equation, where the scale height H is the important 
factor. Analogously, you can relate the number den- 
sity to height h above the Earth’s surface: 


n(h) = n(0) exp(—h/H) 


where n(0) is the density of a particular atmospheric 

constituent at sea level. Now the optical depth (Sec- 

tion 8-7) is proportional to the number of particles 
in a column through the atmosphere. 

(a) Write down an expression for the column density 
N(h) above an altitude h. 

(b) Looking at the zenith from sea level, the optical 
depth in the near infrared is about 3. Water vapor 
contributes most to this opacity; its scale height 
is about 2 km. Compare the optical depths at ze- 
nith for infrared telescopes at 2, 4, and 10 km. 
What do you conclude about the placement of an 
infrared telescope? 


A main goal with the next generation of large tele- 
scopes is to optimize their performance in the infra- 
red. Why? Because at a site with excellent seeing 
and/or adaptive optics, a 10-m telescope can operate 
at its diffraction limit. What is that limit at 2 zm? At 
10 wm? How do these values compare to the best see- 
ing at an excellent site? 


The Sun: 
A Model Star 


‘Oe Sun is the nearest star. The fascinating 
properties and phenomena of the solar surface 
layers are easily observed and have been studied 
intensely. Unfortunately, models for understanding 
solar phenomena have not kept pace with such de- 
tailed data. Because the Sun is a fairly typical star 
and because it is the only star that spans a large 
angular diameter as seen from the Earth, the dis- 
cussion here serves as the physical basis to inves- 
tigate the other stars (Table 10-1). 


10-1 
THE STRUCTURE OF THE SUN 


At 1 AU from the Earth, the Sun provides the en- 
ergy necessary for life. This gigantic sphere of gas, 
with a radius of 6.96 X 10°km (=109R@) and a 
mass of 1.99 x 10°°kg (~333,000Me) has a lumi- 
nosity, or rate of total radiative energy output, of 
3.86 X 10°°W. The average density of the Sun is 
only 1410 kg/m%, a value consistent with a com- 
position of mostly gaseous hydrogen and helium. 
Because the Sun is a fluid throughout, we expect it 
to rotate differently (like Jupiter, Section 6-1). 

The pressure, and also the temperature, in the 
solar interior must be extremely high just to sup- 
port the weight of the Sun. The body of the Sun is 
gaseous and hot; in fact, the gases (primarily hy- 
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drogen and helium) are almost completely ionized 
(a plasma). Temperature, pressure, and density in- 
crease from the Sun’s surface inward to the center, 
where energy is liberated by thermonuclear reac- 
tions. As hydrogen is transformed to helium in the 
Sun’s core, vast quantities of energy are released in 
the form of photons and thermal motions (Figure 
10-1). The photons diffuse outward through the 
large radiative zone until they reach the outer con- 
vective zone, where most of the transport of energy 
takes place by boiling motions of the gas. The vis- 
ible surface of the Sun (the photosphere) occurs at 


rTABLE 10-1) may Key Properties of the Sun 


Property Value 
Mass 1.99 x 10°°kg 
Radius 6.96 X 108m 


1410 kg/m? 
2.74 X 102 m/s? 
6.18 X 10°m/s 


Mean density 
Surface gravity 
Escape speed 


Effective temperature 5770 K 
Luminosity 3.86 x 107°W 
Magnetic fields: 

Sunspots 0.3 T 

Global 0.0001 T 

Network 0.002 T 

Plages 0.02 T 


the top of the convective layer, where the complex 
and extended solar atmosphere begins. 

The base of the solar atmosphere is the pho- 
tosphere, a thin layer of gas that represents the 
greatest depth to which we observe and from 
which emanates the bulk of the visible radiation. 
Sunspots appear on the photosphere. The next 
layer outward is the chromosphere; from the top 
of the chromosphere emerge the sharp spicules and 
the graceful prominences. Beyond this region lies 
the tenuous extended corona with its ghostly light 
merging into the outward-flowing solar wind and 
the interplanetary medium. 

Although we cannot see optically into the in- 
terior of the Sun, there are two classes of observa- 
tions that allow us to make some educated guesses 
about the solar depths. One is the observation of 
the neutrino flux from the Sun’s core. You will see 
in Section 16-1(D) that the observed flux is less 
than that predicted by theoretical models. This de- 
ficiency has challenged astrophysicists and physi- 
cists into proposing a number of explanations, in- 
cluding modifications of the solar models and new 
theories of the characteristics of the neutrino. 

The other probe is the analysis of the radial 
motions of gases at the solar surface. Oscillations 
are observed as periodic changes in the Doppler 
shifts of photospheric and chromospheric spectral 
lines. These oscillations have periods ranging from 
less than 5 min to 2h 40 min. The first to be dis- 
covered and in many ways the most important are 
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the 5-min oscillations, which are observed as ver- 
tical motions of areas of the Sun, much like small 
boats on ocean waves. At peak amplitude, the ve- 
locities are 0.4 km/s. These oscillations result from 
sound waves from the interior; reflection and re- 
fraction below the Sun’s surface confine these 
waves within acoustic cavities (Figure 10-2). Such 
waves and their harmonics can tell us some of the 
properties of the interior. Thus it may be said that 
the Sun rings like a bell and that its interior can be 
probed in a manner similar to the way terrestrial 
seismic waves are used to study the interior of the 
Earth. This field of research has been given the 
name helioseismology. 

From helioseismologic studies have come in- 
ferences concerning the details of the convection- 
layer structure. Some vibrations are excited by the 
turbulence in the convective zone. They involve 
millions of tones turned on by the noise of convec- 
tion and allow a probe of the physical properties 
of the convection zone. To date, astronomers have 
measured thousands of frequencies to accuracies 
close to 0.01%. They indicate that the convective 
zone may go somewhat deeper than previously be- 
lieved—perhaps about 30% of the radius rather 
than 20%. The remainder of this chapter presents a 
detailed examination of the more directly observ- 
able phenomena in the outer layers of our Sun. 


10-2 
THE PHOTOSPHERE 
Granulation 


We cannot peer optically deeper into the Sun than 
the base of the photosphere, which defines the 
layer of the Sun’s atmosphere where the gases be- 
come opaque to visible light. Here (Figure 10-3) we 
see a patchwork pattern of small (average diameter 
about 700 km), transient (average lifetime from five 
to tens of minutes) granules: bright irregular for- 
mations surrounded by darker lanes. 

This solar granulation marks the top layer of 
the Sun’s convective zone, a gaseous layer about 
0.2 to 0.3R@ thick located just below the base of the 
photosphere. In this zone, heat energy is trans- 
ported by convection; hot masses of gas (convec- - 
tion cells) rise, appear as bright granules, and dis- 
sipate their energy at the photosphere; the cooler 
gases sink back down. The resulting transfer of en- 
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Corona 


Convection Zone 


ergy imparts motions of the order of tenths of a 
kilometer per second to the lower layers of the 
photosphere. 


@ Photospheric Temperatures 


The continuum spectrum of the entire solar disk 
defines a Stefan-Boltzmann effective temperature 
(Table 8-4) of 5800 K for the photosphere, but how 
does the temperature vary in the photosphere? A 
clue is evident in a white-light photograph of the 
Sun (Figure 10-4), for we see that the brightness of 


Figure 10-1 The structure of the 
Sun. This model shows the main re- 
gions of the Sun and values of im- 
portant physical parameters. The 
granules and spicules are drawn out 
of proportion to the diameter. 
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the solar disk decreases from the center to the 
limb—this effect is termed limb darkening. (Look 
back at Section 8-7 for the basic physics.) 

Limb darkening arises because we see deeper, 
hotter gas layers when we look directly at the cen- 
ter of the disk and higher, cooler layers when we 
look near the limb (Figure 10-5A). Assume that we 
can see only a fixed distance d through the solar 
atmosphere. The limb appears darkened as the 
temperature decreases from the lower to the upper 
photosphere because, according to the Stefan- 
Boltzmann law (Section 8-6), a cool gas radiates 


Figure 10-2 Solar vibrations. A computer model of the 
surface vibrations for one possible set of modes of oscil- 
lation. Gray regions represent zones of expansion; light- 
est regions, those of contraction. 


Figure 10-3 Photospheric granulation. The bright areas 
are about 1500 km across. The dark circle is a small sun- 
spot. (National Optical Astronomy Observatories) 


less energy per unit area than does a hot gas. The 
top of the photosphere, or bottom of the chromo- 
sphere, is defined as height = 0km. Outward 
through the photosphere (Figure 10-6), the tem- 
perature drops rapidly and then again starts to rise 
at about 500 km into the chromosphere, reaching 
very high temperatures in the corona. 

At this point, you may have discerned an ap- 
parent paradox: How can the solar limb appear 
darkened when the temperature rises rapidly 
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through the chromosphere? Answering this ques- 
tion requires an understanding of the concepts of 
opacity and optical depth. Simply put, the chro- 
mosphere is almost optically transparent relative to 
the photosphere. Hence, the Sun appears to end 
sharply at its photospheric surface—within the 
outer 300 km of its 700,000-km radius. 

To see this quantitatively, recall the discussion 
of the transfer equation (Section 8-7). Our line of 
sight penetrates the solar atmosphere only to the 
depth from which radiation can escape unhindered 
(where the optical depth is small). Interior to this 
point, solar radiation is constantly absorbed and re- 
emitted (and so scattered) by atoms and ions. To 
characterize this absorption by the gas at a given 
wavelength, we use the opacity k, (in m?/kg) of 
the gas. The simplest way to understand opacity is 
to consider what happens when radiation of flux 
F, strikes a slab of gas of thickness dx. Let the mass 
density p (in kilograms per cubic meter) describe 
this gas. Part of this flux is absorbed by the slab, 
and so 


dF, = —k,pFy dx (10-1) 


Figure 10-4 The solar photosphere. These photographs 
show limb darkening at the edges of the disk and also 
the Sun’s rotation over a seven-day period, as tracked by 
the position of the sunspots. (Palomar Observatory, Cali- 
fornia Institute of Technology) 
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Depth from Which 
Light Reaches Earth 


‘ 


In a uniform medium, Equation 10-1 is integrated 
to yield 


F(x) = F,(0) exp(—kypx) (10-2) 


so that the flux diminishes exponentially with 
depth of penetration. For convenience, astronomers 
define another measure of this absorption by the 
optical depth 7,, where 


dn = kp dx (10-3) 


Note that 7, is dimensionless and Equation 10-2 
becomes 


F,(%) = F,(0) exp(—%) (10-4) 


For 1 < 1, the flux is constant, so that the gas is 
said to be optically thin (transparent) at this wave- 
length. In general, an optically thick (opaque) gas 
is one with m > 1; the base of the photosphere cor- 
responds to this case. Limb darkening arises from 
photospheric opacity (Figure 10-5B); k, is low in 
the chromosphere. 


H~ Continuous Absorption 


The photosphere emits a blackbody-like continuum 
and so must be opaque at visible wavelengths, but 
the densities here are far less than those needed for 
the gas to be opaque. How then does the photo- 
spheric continuum radiation arise? 

The chief contributor to the continuous opacity 
is H”, the negative hydrogen ion. This ion can exist 


Figure 10-S Geometry for limb 
darkening. The center of the disk 
is denoted by C, the limb by L, and 
an intermediate position by I. (A) 
All circles have the same radius d, 
but the line of sight ends higher in 
the atmosphere than at the center. 
(B) High-density gas low in the at- 
mosphere is more opaque than the 
thinner gas higher up; here each 
circle corresponds to the same op- 
tical depth. 
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Figure 10-6 Temperature structure of the photosphere 
and chromosphere. The solid curve gives the tempera- 
ture as a function of height h above the photosphere (use 
left and top scales), and the dashed curve for the tem- 
perature as a function of optical depth at a wavelength 
of 500 nm (use bottom and right scales). (J. Vernazza, E. 
Avrett, and R. Loeser) 


because the single electron of the neutral hydrogen 
atom does not completely screen the positive pro- 
ton. Hence, a second electron may loosely attach 
itself; the ionization potential is only 0.75 eV (that 
of normal hydrogen is 13.6 eV). Absorption occurs 
by the dissociation reaction Ho + y > Ht+e™, 
and emission takes place when an electron attaches 
itself to a neutral hydrogen atom in the reaction 
H+e — y+ H_7-. The solar continuum in the 
infrared and optical regions is largely produced by 


Relative absorption 


500 


Figure 10-7 Continuum opacity in the 
Sun. (A) Relative absorption of H~ from 
free-free and bound-free interactions in 
the visible and near infrared parts of the 
spectrum. (B) Measured solar contin- 
uum above the Earth’s atmosphere. 
(U.S. Air Force Cambridge Research 
Laboratory) 
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these reactions, which are enhanced by the rela- 
tively high electron and hydrogen densities in the 
photosphere. The opacity comes from both free-free 
and bound-free interactions (Figure 10-7A). 

We must note that these and other atomic pro- 
cesses that absorb light in the photosphere do not 
give complete opacity at all wavelengths. Hence 
the solar continuum has a general blackbody trend 
(Figure 10-7B) but does not follow a Planck curve 
exactly. 
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@ The Fraunhofer 
Absorption Spectrum 


Spectral Lines 


In 1814, the German physicist Joseph von Fraun- 
hofer (1787-1826) made the first definitive map- 
ping of the vast array of absorption lines seen on 
the photospheric continuum—the Fraunhofer ab- 
sorption spectrum. Not knowing the correct iden- 
tifications of these features, Fraunhofer designated 
the strongest lines (starting from the red) with cap- 
ital letters and the weaker lines with lowercase let- 
ters. (See Section 8-4 for the definition of line 
strength.) Today we still refer to the D lines of a 
resolved doublet of sodium and the H and K lines 
of Ca II. The earliest line identifications included 
the hydrogen Balmer series and absorption lines of 
sodium, calcium, and magnesium. The Fraunhofer 
absorption line spectrum extends to wavelengths 
as short as 165 nm. At wavelengths shorter than the 
near ultraviolet (<165 nm), the solar spectrum is 
dominated by emission lines that are produced in 
the chromosphere and corona [Sections 10-3(A) 
and 10-4(C)]. 

Because the solar continuum comes from a thin 
layer of H™ ions, the Fraunhofer absorption lines 
can and do form at the same solar atmospheric 
level as does the continuum. The weaker lines orig- 
inate in the lower photosphere, and the stronger 
ones form largely in the upper photosphere; in fact, 
the strongest (the Balmer lines and the H and K 
lines of Ca II) form primarily in the lower chro- 


Temperature (K) 


100 200 


Height Above Photosphere (km) 


mosphere. The opacity is low in the chromosphere 
for most wavelengths. In strong lines, however, the 
opacity becomes large even at considerable heights 
in the solar atmosphere. The reasons include the 
abundance of the element, the number of atoms in 
the lower level of the transition producing the line 
(which in turn depends on the temperature 
through the Boltzmann equation; Section 8-4), and 
the transition probability (the intrinsic atomic pa- 
rameter that determines the probability that an 
atom will make that particular transition). The 
depth of formation differs from line to line and 
within a given line. So the profiles of the Fraun- 
hofer absorption lines provide a powerful tool for 
probing different heights of the solar atmosphere 
(Figure 10-8). 

High-dispersion spectra have revealed fine 
structure wiggles in most Fraunhofer lines. These 
wavelength oscillations are Doppler shifts arising 
from vertical motions at about 0.4 km/s of small- 
scale (1000 km in diameter) structures in the pho- 
tosphere. They are generated by gas motions 
induced by the granules at the bottom and contin- 
uing up into the chromosphere. In addition, hori- 
zontal motions run parallel to the solar surface 
with about the same velocities. These motions arise 
in larger structures (30,000 km across) called su- 
pergranules. Gas flows slowly from the center of a 
supergranule to the edge. Supergranules are re- 
lated to higher chromospheric structures, although 
they actually originate below the granulation. Their 
flowing gases carry magnetic lines of force to their 
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Figure 10-8 Photospheric depth and line profiles. Different parts of an absorption line 
form at different heights, the line center coming from the coolest, highest region. (R.W. 
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PTABLE 10-2) timy ~Photospheric Abundances 


Abundance (by number, 


Element log scale) Mass fraction 
H 12.00 0.7013 
He 11.00 0.2787 
C 8.69 0.0041 
N 7.99 0.0001 
O 8.91 0.0091 
Ne 8.00 0.0014 
Mg 7.58 0.0006 
Si 7.55 0.0007 
S 7.21 0.0004 
Fe 7.67 0.0018 


edges, and so the magnetic fields become more lo- 
calized and concentrated. As you will see, solar ac- 
tivity is generally associated with strong localized 
magnetic fields. 


Elemental Abundances 


Using the ideas outlined in Chapter 8, we can an- 
alyze the Fraunhofer lines to infer properties of the 
photosphere. The characteristic temperatures and 
pressures are first found, and then the relative line 
strengths (Section 8-4) tell us the chemical com- 
position. Hydrogen is by far the most abundant el- 
ement (70%), and helium is second (28%); all the 
heavier elements account for about 2% of the total 
mass (Table 10-2). Be warned, though, that finding 
photospheric abundances is a complex and difficult 
task. Overall, elemental abundances are known to 
a factor of 2 at best. For some elements (especially 
if they have few and blended lines in the spec- 
trum), the values are uncertain to an order of 
magnitude. 


10-3 
THE CHROMOSPHERE 


The solar chromosphere extends a few thousand 
kilometers above the photosphere, and its gas den- 
sity is far less than that of the photosphere. This 
thin layer has a reddish hue—as a result of the Bal- 
mer (Ha) emission of hydrogen—visible during a 
total solar eclipse. 
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The Chromospheric Spectrum 


The chromospheric spectrum is completely over- 
whelmed by the photosphere except when the pho- 
tospheric light is blocked out. Emission lines are 
visible in the chromosphere, notably those of he- 
lium, which requires high temperatures to become 
excited. 

Chromospheric spectra reveal characteristic 
variations with altitude in the chromosphere. 
Atomic transitions of low excitation potential, such 
as some of those of neutral metals, are seen only at 
the base of the chromosphere. Lines of ionized iron 
and calcium are evident somewhat higher up. The 
hydrogen Balmer and neutral helium features are 
seen for many thousands of kilometers above the 
photosphere. The chromospheric lines fade with 
height, but the strongest line of He II (468.6 nm) 
fades most slowly. This decrease in line strengths 
has two major causes: (1) the gas density drops 
sharply with height and (2) the temperature in- 
creases rapidly with height above the photosphere 
(Figure 10-9). The high-excitation-potential lines of 
helium remain strong as a result of the high tem- 
peratures in the outer chromosphere. Helium (after 
the Greek helios, meaning sun) was found in chro- 
mospheric spectra before it was discovered on 
Earth. Most helium lines in the optical part of the 
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Figure 10-9 Overall temperature structure in the chro- 


mosphere and corona as height above the photosphere. 
Note that this is a log-log plot. 
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spectrum are too weak (optically thin) to be seen 
against the solar disk. 

The hydrogen Balmer lines are formed mainly 
in the chromosphere, even though the chromo- 
sphere is hotter than the photosphere. How? The 
photospheric continuum radiation and the temper- 
ature there are not sufficiently energetic to promote 
many hydrogen atoms from the ground (Lyman) 
state to the first excited state. (Remember that the 
Balmer lines must originate from the first excited 
state.) Only in the hotter chromosphere, in accor- 
dance with the Boltzmann equation, does the pop- 
ulation of second-level hydrogen atoms become 
significant, primarily through collisional excitation. 
Then continuum radiation is absorbed in the chro- 
mosphere to form the Balmer absorption lines 
(when viewed in projection against the photo- 
sphere) and the Balmer emission lines that color the 
chromosphere (when seen against dark space at the 
Sun’s limb). 


@ Chromospheric Fine Structure 


Certain absorption lines (Ha and the H and K lines 
of Ca II) in the chromosphere have a large optical 
depth. Radiation at these wavelengths cannot es- 
cape from the photosphere because the chromo- 
sphere is essentially opaque here. The chromo- 
sphere may be studied at these wavelengths 
because the absorption lines are not completely 
black; the center of each line is darker than the ad- 
jacent continuum, but some photons are still emit- 
ted in our direction from the chromosphere. 

Photographs of the Sun (Figure 10-10) in Ha 
and Ca II K reveal large bright and dark patches. 
These are the plages and filaments associated with 
solar activity [Section 10-6(B)]. In addition, distinc- 
tive structure appears over the entire solar disk: a 
bright network associated with the magnetic fields 
at the boundaries of supergranules. 

At the limb of the Sun, tenuous jets of glowing 
gas 500 to 1500 km across extend to a distance of 
10,000 km upward from the chromosphere (Figure 
10-11). In the spicules, which are best observed in 
Ha, gas is rising at about 20 to 25 km/s. Although 
spicules occupy less than 1% of the Sun’s surface 
area and have lifetimes of 15 min or less, they prob- 
ably play a significant role in the mass balance of 
the chromosphere, corona, and solar wind. Spicules 
are not distributed uniformly over the solar surface 
(Figure 10-11) but form a network pattern, a part 


Figure 10-10 The Sun in Ha. This region near the limb 
shows the structure from strong local magnetic fields. 
Note the large active region in the foreground. (R.B. 
Dunn, National Optical Astronomy Observatories) 


of the chromospheric network that constitutes the 
boundaries of the supergranules. So spicules occur 
only in regions of enhanced magnetic fields (Figure 
10-12). 


The Transition Region 


Ultraviolet spectral features occur because of the 
high chromospheric temperatures; they are an ex- 
cellent probe of the upper chromosphere and nar- 
row chromosphere-corona transition region. Tem- 
peratures rise very steeply, from about 10,000 K 
in the chromosphere to 50,000 K within a few 
hundred kilometers of the transition zone to over 
10° K in the corona (Figure 10-9). At wavelengths 


Figure 10-11 Spicules and the 
chromospheric network. In this Ha 
photograph, the spicules appear as 
elongated dark features against the 
disk. (R.B. Dunn, National Optical 
Astronomy Observatories) 


shorter than 150 nm, the photospheric continuum 
becomes undetectable (see the Planck curve for 
6000 K in Figure 8-14). Because of the low flux of 
the photospheric continuum in the far ultraviolet, 
radiative excitation cannot occur. However, at the 
high temperatures of the Sun’s upper atmosphere, 
atoms and ions become collisionally excited and 
produce emission lines as they return to their 
ground states. Moreover, they can be observed in 
projection on the face of the Sun, for they will not 
be overwhelmed by the photospheric background. 

One of the strongest ultraviolet lines is the Ly- 
man a line. Recall that the strong hydrogen Balmer 
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lines imply an abundance of hydrogen atoms in the 
first excited state (n = 2). Absorption from the con- 
tinuum will excite these atoms to higher levels 
(n = 3, 4, and so on), producing the Balmer ab- 
sorption series [Section 10-3(A)]; however, most of 
the atoms will return immediately to the ground 
state (n = 1), emitting La photons. Hydrogen at- 
oms can be excited to n = 2 only by collisions or 
reabsorption of La photons (self-absorption) be- 
cause of the absence of the photospheric continuum 
at this wavelength. Photographs in La show essen- 
tially the same chromospheric network seen in 
Ca IL. 
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Emission lines of C III, peaking at 70,000 K, N 
III at 100,000 K, and O VI at 300,000 K are used to 
study the structure through the transition zone. 
The network apparently continues through the re- 
gion. It disappears, however, in images made in 
Mg X at 60 nm, corresponding to 1.6 million K, well 
into the corona. 


10-4 

THE CORONA 

At solar eclipses, the corona appears as a pearly 
white halo extending far from the Sun’s limb 


(Figure 10-13). A brighter inner halo hugs the solar 
limb, and coronal streamers extend far into space. 


The Visible Corona 


Coronal continuum radiation at optical wave- 
lengths is composed of two parts. The corona itself 
is divided into the K corona (dominating near the 
Sun) and the F corona (evident farther out to a few 
solar radii). Part of the low-intensity coronal con- 
tinuum matches the wavelength dependence of the 


photosphere. This results from light scattered by 
electrons, which constitute more than half the par- 
ticle number density in the K corona. No photo- 
spheric absorption lines show in this scattered com- 
ponent, a fact we attribute to Doppler broadening 
by rapidly moving electrons. Because the absorp- 
tion lines are completely washed out, these elec- 
trons must have extremely high temperatures— 
average (quiet) coronal temperatures are 1 to 2 X 
6 


Superimposed on the electron-scattering con- 
tinuum is the F corona spectrum, which does show 
the Fraunhofer absorption lines. This component 
comes from light scattering from dust particles, 
identical to those grains that pervade interplane- 
tary space. The dust is concentrated in the plane of 
the ecliptic, for we see the outer extension of the F 
corona as the zodiacal light [Section 2-2(F)]. We can 
separate the F and K coronal components because 
the Fraunhofer lines appear only in the former and 
because electrons and dust differ radically in the 
way they polarize the light they scatter. 

Solar activity strongly affects the appearance of 
the K corona (Figure 10-13). At times of sunspot 
maximum [Section 10-6(A)], the corona is very 


Figure 10-13 A quiet-sun co- 
rona. Note the polar plumes and 
the elongation at the equator. 
(J.D. Bahng and K.L. Hallam) 


bright and uniform around the solar limb and 
bright coronal streamers (Figure 10-14), and other 
condensations associated with active regions are 
much in evidence. At sunspot minimum, the co- 
rona extends considerably farther at the solar equa- 
tor than at the poles, and the coronal steamers are 
concentrated at the equator. 


@ The Radio Corona 


Later in this chapter, we will describe the radio 
bursts associated with solar activity; here we dis- 
cuss the radio properties of the quiet Sun. In the 
ionized gases of the solar atmosphere, free elec- 
trons provide the emission and absorption of radio 
radiation. The interactions involved are free-free 
transitions: An electron sideswipes an ion or atom 
and absorbs or emits a low-energy photon while 
the electron’s kinetic energy changes slightly. The 
electron is unbound both before and after the col- 
lision. The closer the electron passes by the scat- 
terer, the more both the frequency and the strength 
of the interaction increase. Hence, the character of 
the free-free photons depends upon the gas den- 
sity. The denser the gas, the more frequent and en- 
ergetic the interaction; the resulting photons have 
higher energies (or shorter wavelengths). This ex- 
plains why short-wave (1 to 20 cm) radiation char- 
acterizes the chromosphere and lower corona and 
wavelengths longer than 10 cm arise in the outer 
corona. 


Figure 10-14 Active Sun coronal streamers, showing 
the magnetic field configuration and solar wind flow far 
from the photosphere. (C. Keller, Los Alamos National 
Laboratory) 
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At wavelengths longer than about 20cm, the 
Sun is observed to be limb-brightened (into the co- 
rona), confirming that the longer the wavelength 
observed, the higher in the corona we are looking. 
(Recall that, at visible wavelengths, the Sun is limb- 
darkened.) At wavelengths longer than 50 cm, we 
encounter great radio variability because the emis- 
sion from the tenuous electron gas fluctuates 
wildly as the number density of particles varies. 

Just as the H™ ion accounts for photospheric 
opacity, so also does the electron density lead to 
coronal opacity at radio wavelengths. The wave- 
length dependence of this electron opacity is the 
following. The corona is optically thin at short 
wavelengths (~1 cm), so that such radiation can 
reach us from the chromosphere; at longer wave- 
lengths, it becomes more and more optically thick, 
so that the corona is opaque to these wavelengths 
at greater heights. On the average, we can fit the 
radio data to the low-energy tail of a Planck black- 
body distribution at temperatures of about 10° K. 


Line Emission 


Forbidden Lines 


Superimposed on the visible coronal continuum 
are some emission lines that were unidentified un- 
til about 1942, when W. Grotrian of Germany and 
B. Edlén of Sweden interpreted them. (They were 
long called “coronium” lines, for they did not fit 
any known atomic transition.) The two strongest 
lines are the green line of Fe XIV (530.3 nm) and 
the red line of Fe X (637.4 nm); both are forbidden 
lines (Section 8-2). 

Two significant obstacles hindered the identi- 
fication of the coronal emission lines: (1) the re- 
sponsible transitions are forbidden and (2) the tem- 
peratures of the corona are unexpectedly high. In 
quantum mechanics, certain energy levels of an 
atom are metastable because downward transitions 
from such levels are strongly prohibited. While an 
ordinary permitted transition takes place in about 
10-8 s, these metastable levels may persist for sec- 
onds or even days before a forbidden transition oc- 
curs. In most laboratory and astrophysical situa- 
tions, gas densities are so high that collisional 
deexcitation empties metastable levels very rap- 
idly—there is just not enough time for a forbidden 
transition to take place. In the near vacuum of the 
corona, however, metastable levels populated by 
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either photospheric radiation or collisions can de- 
cay and forbidden emission features are formed. 

Very energetic collisions are required to ionize 
iron; say, 9 ‘and 13 times, and so the coronal gas 
must be very hot. To produce Fe X requires a tem- 
perature of 1.3 x 10°K, and Fe XIV requires a tem- 
perature of 23 xX 10°K. At times of strong solar 
activity (such as flares), much higher temperatures 
occur, for the lines of Ca XV (3.6 X 10°K) are seen. 
The characteristic range is 10° K (quiet corona) to 
4 x 10°K (active corona). 


Extreme Ultraviolet Lines 


Highly ionized atoms, such as those present in the 
solar corona, have lost many of the electrons that 
shield the atomic nucleus, and the remaining elec- 
trons are strongly attracted and tightly bound to 
the nucleus. Permitted transitions correspond to 
very high excitation potentials, and the resulting 
spectral photons are very energetic—at ultraviolet 
wavelengths. In fact, the spectral region from 5 to 
50 nm (detectable only above the Earth’s atmo- 
sphere) is dominated by the permitted emission 
lines from the coronal ions Fe VIII to XVI, Si VII to 
XII, Mg VIII to X, Ne VIII to IX, and S VIII to XII. 
These transitions permit us to deduce the relative 


elemental abundances in the corona; the results are 
consistent with the photospheric abundances. 


Coronal Loops and Holes 


Because the coronal gas is so hot, it emits low-en- 
ergy X-rays and shows up in X-ray photographs of 
the Sun (Figure 10-15). These pictures show that 
the coronal gas has an irregular distribution above 
and around the Sun. The large loop structures in- 
dicate where the ionized gas flows along magnetic 
fields that arch high above the Sun’s surface and 
return to it. The hot gas is trapped in these mag- 
netic loops. Solar physicists now view the corona 
as consisting primarily of such loops. 

Note also that some regions of the corona ap- 
pear dark (Figure 10-15). Here the coronal gas 
must be much less dense and less hot than usual; 
these regions are called coronal holes. The coronal 
holes at the poles do not appear to change very 
much, but those above other regions seem some- 
how related to solar activity. X-ray bright points, 
lasting only a matter of hours, are scattered within 
these coronal holes. These are themselves appar- 
ently short-lived active regions and are also loops, 
albeit very small ones. 

Solar astronomers believe that coronal holes 
mark areas where magnetic fields from the Sun 


Figure 10-15 The X-ray Sun at high resolution in 
September 1989. The hot plasma in the corona ap- 
pears bright; note the loops, shaped by magnetic 
fields. (E. Spiller, IBM Watson Research Center) 
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Figure 10-16 Schematic model of coronal loops formed 


by magnetic flux tubes above active regions; these shape 
the plasma structure in the lower corona. 


continue outward into space rather than flow back 
to the Sun in loops. So the coronal gas, not tied 
down in these regions, can flow away from the Sun 
out of the coronal holes; this flow makes the solar 
wind (Section 10-5). 

The coronal gas does not follow the differential 
rotation of the photosphere. Rather it rotates at the 
same angular speed at all latitudes (as the Earth 
does). This fact implies that the bottoms of the 
magnetic loops are anchored deep below the pho- 
tosphere, perhaps at the very bottom of the con- 
vective zone, where such fields might be generated 
by a solar dynamo. 

Now back to why the corona (and chromo- 
sphere) are so hot. The magnetic loops (Figure 10- 
16) rising from the photosphere up to 400,000 km 
into the corona are believed to play the key role. 
The magnetic field in a loop is twisted by photo- 
spheric motions at its base. If the twisting happens 
slowly, it generates electric fields that then heat the 
coronal gas. It does not take much energy to do so 
because the coronal gas is so thin that it has a small 
heat capacity. 


[ Concept Application | Application 


Energy Density 


Compare the energy density (energy per unit vol- 
ume) of the Sun’s corona to that of its photosphere. 
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For an ideal gas, the energy density is directly 
proportional to the number density and the tem- 
perature, so 


Energy density(corona) 
Energy density(photosphere) 


= n(corona) _ T(corona) _ 
n(photosphere) || T(photosphere) 


SU gs Clg 
ae (emt =] = 1.7 x 1079 
(Pama) Ee 
Even though the corona is much hotter than the 


photosphere, its very low density means that it has 
a very low energy density. 


10-5 
THE SOLAR WIND 


The high coronal temperatures tend to blow the co- 
rona away from the Sun. The Sun’s gravitational 
attraction on this gas is insufficient to retain it, and 
so a continuously flowing solar wind leaves the 
Sun. This flowing gas, composed of approximately 
equal numbers of electrons and photons, is a plasma 
(it is electrically neutral on a large scale). The ther- 
mal conductivity of the plasma is very high, so that 
high temperatures prevail over great distances 
from the Sun. Hence, the wind accelerates as it ex- 
pands (large-scale speeds near 300 km/s at 30Ro 
and 400 km/s at 1 AU) and the particle density de- 
creases to an average of a few million electrons and 
protons per cubic meter at 1 AU. These character- 
istics of the solar wind have been measured di- 
rectly by interplanetary space probes. 

A plasma couples tightly to lines of magnetic 
force; in fact, the magnetic field is essentially frozen 
into the gas. Therefore, the solar wind drags the 
extensions of solar magnetic fields into interplane- 
tary space. The large-scale solar magnetic fields are 
directly related to the interplanetary fields by a sec- 
tored structure (Figure 10-17). The latitude band 
within 30° of the solar equator is frequently divided 
into extended longitude regions of one magnetic 
polarity or the other. The radially outflowing solar 
wind conveys these fields away from the Sun in 
sectors; the sector boundaries are distorted into spi- 
rals because the Sun rotates away from the reced- 
ing gas and magnetic field. 
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Figure 10-17 Schematic model of magnetic fields and 
the solar wind. The interplanetary magnetic field extends 
from the Sun. The thin arrows show the direction of mag- 
netic fields, and the thick ones show the direction of the 
solar wind. The shading shows two sectors of the 
‘structure. 


ieee) Summary of Solar Activity 


The solar wind shows considerable complexity 
and variability. For instance, at the Earth’s orbit, 
the proton density varies from 0.4 to 80 x 10°/m? 
and the speed ranges from 300 to over 700 km/s. 
This variation is closely tied to coronal holes, where 
both the density and the temperature are less than 
in the normal corona; the density may be only a 
few percent of the usual value. Some of the energy 
that normally goes to heating the coronal material 
trapped within the magnetic loops is used to ac- 
celerate the gas outward through the open field 
lines. So bursts of solar wind may reach speeds in 
excess of 700 km/s. 

Solar activity, especially flares, changes the 
magnetic field structure, sometimes dramatically. 
Whereas the normal solar wind is composed of 
low-energy protons and electrons (10° eV), solar 
flares eject clouds of high-energy protons (10’ to 
101° eV). These clouds rush through the solar wind, 
altering its speed and density locally and distorting 
the magnetic field structure. These clouds are dan- 


gerous to unshielded astronauts, and they cause 
magnetic disturbances in the Earth’s magneto- 
sphere a few days after they leave the Sun. 


10-6 
SOLAR ACTIVITY 
The Solar Cycle 


The Sun is near enough that we can easily observe 
transient phenomena in its atmosphere. Such phe- 
nomena are manifestations of solar activity, and 
they are linked through the solar rotation and mag- 
netic field in the solar cycle. The remainder of this 
chapter discusses the active Sun, using the generic 
term active region to specify an area with sunspots, 
prominences, plages, and flares (see Table 10-3 for 
a summary of solar activity). 


Sunspots 


Sunspots are photospheric phenomena that appear 
darker than the surrounding photosphere (at about 
5800 K) because they are cooler (sunspot contin- 
uum temperatures are about 3800 K, and sunspot 
excitation temperatures are about 3900K). The 
darkest, central part (with the temperatures just 
mentioned) is termed the umbra (Figure 10-18); the 
umbra is usually surrounded by the lighter pen- 
umbra with its radial filamentary structure. Small 
sunspots develop from pores, larger-than-usual 
dark areas between bright granules. Although most 
pores and small spots soon disintegrate, some grow 
into true sunspots of huge proportions. The largest 
have umbral diameters of 30,000 km and penum- 
bral diameters more than twice as large. 

The most important characteristic of a sunspot 
is its magnetic field. Typical field strengths are near 
0.1 T, but fields as strong as 0.4 T have been mea- 
sured. (The field strengths are deduced from the 
observed Zeeman splitting of spectral lines.) These 
fields by their vertical components inhibit the con- 
vective transport of energy to the photosphere, so 
that the sunspot is cooler than its surroundings. Re- 
lated to the magnetic field is a horizontal flow of 
gas in the sunspot penumbra: Gas moves out along 
the lower filaments and inward along the higher 
filaments (at speeds up to 6 km/s). 

A given sunspot has an associated magnetic 
polarity. Lines of magnetic force diverge from a 
north magnetic pole and converge at a south pole; 
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Figure 10-18 Sunspot group. A classic sunspot has an 
almost circular central umbra and a radial penumbra, de- 
termined by magnetic fields. Note the distorted spots in 
the lower left. Small spots without penumbras are 
pores. (Project Stratoscope, Princeton University) 


you are familiar with this characteristic of bar mag- 
nets and our Earth. A magnetic pole cannot exist 
in isolation, however, because magnetic lines of 
force must be complete (according to Maxwell’s 
equations). So, two sunspots of complementary po- 
larity are generally found together in a bipolar spot 
group (see the following paragraphs). Exceptions 
to this rule occur. Sometimes the second magnetic 
region is so diffuse that only one lone sunspot is 
seen; at other times, large, complicated groups of 
many sunspots appear—such a group may become 
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Figure 10-19 Sunspot cycles. Plotted here are the number of sunspots observed annually 
from 1600 to the 1970s. Note how few sunspots were seen prior to 1700; that was the 


time of the Maunder minimum. (H. Yoshimura) 


the nucleus of a large active region [Section 
10-6(B)] on the solar disk. 


Sunspot Numbers 


Counts of the number of sunspots visible at any 
given time have been recorded since Galileo's time 
(Figure 10-19). The sunspot number changes with 
time. A cyclic phenomenon is taking place, for suc- 
cessive sunspot maxima (or minima) occur every 
11 years on the average (there may be a variation 
of as much as 2 or 3 years from cycle to cycle). A 
new cycle begins when the number is a minimum. 

Recent investigations indicate that some histor- 
ical evidence exists to show an absence of the 11- 
year cycle in sunspot activity in the period before 
1700—a lull in activity called the Maunder mini- 
mum. Hardly any sunspots were seen in the 60- 
year period from 1645 to 1705 (Figure 10-19). This 
period corresponded to an unusual cold spell 
(sometimes called the Little Ice Age; the average 
temperature of the Earth dipped about 0.5 K) that 
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extended from the 16th to the.18th centuries. The 
relative consistency of the cycle in modern times 
may be a brief phase that recurs over longer times. 
Evidence in the layering of Australian rocks some 
700 million years old hints at an activity cycle very 
much like that recorded since A.D. 1700. Overall, 
solar activity may have much more complex be- 
havior than that inferred from the limited time 
spans investigated so far. And it may well affect 
the Earth’s climate, albeit in complex ways. 


Positional Variation 


The distribution of sunspots in solar latitude varies 
in a characteristic way during the 11-year sunspot- 
number cycle. Sunspots tend to reside at high lat- 
itudes (+35°) at the start of a cycle (Figure 10-20), 
most spots are near + 15° at maximum, and the few 
spots at the end of the cycle cluster near + 8°. Very 
few sunspots are ever found at latitudes greater 
than +40°. The lifetime of a sunspot ranges from 
a few days (small spots) to months (large spots). In 


Figure 10-20 The change in 
latitude of sunspots as a func- 
tion of phase in the solar activ- 
ity cycle. Spot groups appear 
at high latitudes (about 35°) at 
the beginning of a cycle and 
drift toward the equator in 
active latitude bands as the cy- 
cle progresses. The solid line 
shows the center of the dis- 
tribution. 


1945 1947 


fact, a sunspot dies at the same latitude where it 
was born (a characteristic that permits us to deter- 
mine the solar rotation). What takes place is this: 
As the cycle progresses, new spots appear at ever 
lower latitudes. The first high-latitude spots (with 
the new polarity) of a cycle appear even before the 
last low-latitude spots of the previous cycle have 
vanished. 

So the sunspots follow active latitude belts dur- 
ing the course of a cycle. Less clear, but just as tan- 
talizing, large active regions and spot groups seem 
to fall into preferred longitudes during a cycle— 
active longitude belts. Concentrations of magnetic 
fields appear to persist below the photosphere, so 
that new spot groups arise from about the same 
locations as previous ones. The active longitude 
belts sometimes appear about 180° apart, although 
not all the time; frequently they are not symmet- 
rical across the equator. They reveal a different per- 
sistent pattern in the magnetic field structure in the 
convective zone. 


Sunspot Polarity 


Because most sunspot groups tend to be magneti- 
cally bipolar, it is useful to refer to preceding spots 
and following spots (in the sense of solar rotation). 
The Sun rotates eastward (as does the Earth), so 
that a preceding spot lies west of the following spot 
as seen from the Earth. After George E. Hale (1868- 
1938) discovered the magnetic character of sun- 
spots in 1908, it was realized that all bipolar groups 
in one solar hemisphere have the same polarity and 
those in the other hemisphere have the opposite 
polarity. For example, in one solar cycle, preceding 
spots in the northern solar hemisphere have nega- 
tive (south) polarity and preceding spots in the 
southern hemisphere have positive (north) polar- 
ity. Moreover, the sense of polarities reverses with 
each cycle, so that northern hemisphere leading 
spots will be positive in the next cycle. So a 22-year 
solar cycle is the true length of sunspot magnetic 
activity. 


Solar Rotation 


By observing sunspots with his telescope, Galileo 
determined that the Sun’s surface rotates eastward 
(synodically) in about one month. Today, the same 
method is used in the sunspot zone (other meth- 
ods, such as Doppler shifts, are necessary above 
latitude +40°), and we know that the Sun rotates 
differentially. That is, the rotation period is shorter 
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at the solar equator (about 25°) than at higher lat- 
itudes (about 274 at 40° and 304 at 70°). The average 
sidereal period adopted for the sunspot zone is 25.4 
days, with a corresponding synodic period (appro- 
priate in discussions of solar—terrestrial events) of 
27.3 days. 

To sum up, sunspots reveal on a small scale 
the complexity and variability of solar magnetic 
phenomena. The parts of a sunspot are all transient 
magnetic structures—basically a sheaf of magnetic 
flux tubes filling the umbra and penumbra and 
fanning out above them (Figure 10-21). The sun- 
spots’ magnetic fields suppress the hot gas rising 
from the convective zone. The hot gas runs into a 
magnetic thicket and has trouble breaking through 
the surface in the sunspot’s center. A convective 
downflow may draw away some of the hot gas, 
removing heat from the region. As a result, the sun- 
spot is cooler and darker than the surrounding 
photosphere. 


@ Active Regions 


As the sunspot number increases, so also does solar 
activity. With each sunspot group is associated a 
large active region, several hundred thousands of 
kilometers across. Magnetic activity on the Sun 
concentrates in these extended active regions. 


Bipolar Magnetic Regions and Plages 


The most significant property of active regions is 
their magnetic fields: 0.1 T in sunspots and 0.01 T 


Magnetic 
Field Lines 


Figure 10-21 A model of the magnetic fields in the 
photosphere that generate sunspots. (E.N. Parker) 
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overall. Even when the sunspot group is a tangle 
of different polarities, the enveloping region is usu- 
ally bipolar in character, and so we refer to bipolar 
magnetic regions (BMRs). 

A magnetograph maps out the magnetic field 
structure of BMRs. In a magnetic field, the Zeeman 
effect splits a spectral feature into several compo- 
nents, each with a characteristic optical polariza- 
tion. When the splitting and intensity of these com- 
ponents are compared with a magnetograph based 
on the different polarizations, a map of the mag- 
netic field strength and direction is produced. 

In white light, photospheric faculae are brigh- 
tenings that mark active regions. The enhanced 
brightness is from greater temperatures and den- 
sities than those found in nearby regions of the 
photosphere, similar to the chromospheric plages 
to which the faculae are related. Limb darkening 
renders faculae visible near the solar limb, though 
they are invisible near the center of the disk. 

Above active regions in the photosphere, the 
bright plages float in the chromosphere. Plages are 
regions in which the density and temperature are 
higher than in the surrounding chromosphere and 
are caused by the magnetic fields of the active re- 
gions. These features appear on spectroheliograms 
taken in the light of the Ha line and the spectral 
lines of Ca II. In many respects, they look like con- 
centrations and intensifications of the chromo- 
spheric network. 

In the corona, active regions manifest them- 
selves again in the higher densities and tempera- 
tures of coronal streamers and condensations of 
the white-light corona. Coronal line emission is 
stronger over plage regions than elsewhere, and 
enhanced radio emission arises from increased 
electron densities. This radio emission characterizes 
the long-lived active regions. 

During active times, large ejections of mass, 
called coronal mass ejections, disrupt the corona 
(Figure 10-22). These huge bubbles or clouds of 
gas, containing billions of tons of solar material, 
travel outward so forcefully that they cover mil- 
lions of kilometers within a few hours. The coronal 
mass ejections are the most energetic events in the 
Solar System, yet their cause is unknown. They 
may result from a gradual evolution of coronal 
magnetic fields into an unstable arrangement. 


Prominences and Other Displays 


Spectacular markers of active regions are the prom- 
inences, which appear as long, dark filaments 


Figure 10-22 A coronal mass ejection. The outward 
speed of the bright outer loop (ahead of the dark cavity) 
is about 300 km/s. (SMM-NASA) 


when seen projected on the solar disk. Although 
visible in white light at a total solar eclipse, these 
displays are best recorded in Ha or Ca II lines. 

Prominences are streams of chromospheric gas 
occupying coronal regions tens of thousands of ki- 
lometers above the chromosphere. Two character- 
istic types of prominences are quiescent and active. 
Quiescent prominences last for weeks and look like 
curtains with gas slowly descending from the co- 
rona into the chromosphere; they tend to lie along 
the neutral line separating the two poles of a BMR. 
Most active prominences survive only a few hours. 
Among the most active are the loop prominences 
(Figure 10-23), which are closely associated with 
solar flares and which survive only an hour or so, 
during which time gas streams down the magnetic 
field lines joining the BMR poles. Flares will also 
upon occasion disrupt quiescent prominences, 
causing them to erupt and be ejected through the 
corona at high velocities. 


Solar Flares 


Among the most puzzling, spectacular, and ener- 
getic phenomena associated with active regions are 
solar flares. Although these transient outbursts lib- 
erate tremendous quantities of energy, we still do 


Figure 10-23 A loop prominence. Here the magnetic 
loops in the corona control the flow of the plasma. 
(National Optical Astronomy Observatories) 


not truly know how they originate. Flares radiate 
at many frequencies, from the X-rays and gamma 
rays to long-wavelength radio waves; in addition, 
they emit high-energy particles called solar cosmic 
rays (protons, electrons, and atomic nuclei; see the 
following section entitled “Solar Cosmic Rays”). 
Flare X-rays and ultraviolet radiation disrupt ter- 
restrial radio communication by disturbing the 
Earth’s ionosphere. The high-energy-particle 
clouds, which are lethal to unprotected astronauts, 
reach the Earth in 30 min; clouds of low-energy 
particles and disturbances in the solar wind require 
from 6 to 24h to transit from Sun to Earth. 
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On March 6, 1989, the most energetic solar flare 
in 20 years blasted ultraviolet detectors on the sat- 
ellite Solar Max, which recorded hot gas in a mag- 
netic loop some 60,000 km long. At its height, the 
temperature in the flare’s plasma reached 10 mil- 
lion K (Figure 10-24). A week later, storms in the 
Earth’s magnetosphere ignited auroras, disrupted 
radio communications, and resulted in power 
surges that blacked out the lights for 6 million peo- 
ple in Quebec, Canada. The total energy expelled 
by the flare is estimated at 10°° J. This violence was 
the prelude to the most recent activity cycle, which 
peaked in early 1990. 


(C) 


Figure 10-24 The great flare of March 1989. (A) This very strong flare appears to shine 
brightly in Ha within the active region. Dark filamentary prominences are also visible 
above the photosphere. (B) The ejection of charged particles from the flare, visible at the 
lower left as a dark, spray-like structure. (NSO—Sacramento Peak) (C) The aurora borealis 
induced by the flare, as viewed from space. (L. Frank, University of Iowa) 
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Optical Manifestations 


Flares usually appear in plages as brightenings in 
Ha (Figure 10-24). In fact, the Ha line becomes an 
emission feature, reaching maximum brightness 
within 5 min and decaying in about 20 min (3 h for 
the largest flares). Flares vary in size from 10,000 
km to over 300,000 km; in general, the larger the 
flare, the more energetic it is and the longer-lived. 
At the peak of the solar cycle, the average occur- 
rence of small flares is hourly and that of large 
flares is monthly. They are virtually nonexistent at 
solar minimum. Even during maximum, attempts 
to predict major flares are still rough. 


X-Ray and Radio Bursts 


In some flares, X-rays and centimeter radio waves 
occur together; they probably originate in the up- 
per chromosphere or corona. Both consist of two 
components: (a) a slow component lasting about 30 
min and (b) a sudden component (or burst) lasting 
a few minutes. The burst phenomenon is partly 
nonthermal (probably synchrotron), with X-rays 
more energetic than 20 keV and radio emission cor- 
responding to 8 x 107K, and partly thermal, caus- 
ing extreme ionization. The less-energetic slow 
components result from a heating of the corona to 
4 X 10°K; enhanced densities also stimulate emis- 
sion in ultraviolet and forbidden lines. Higher in 
the corona, a flare produces synchrotron radio 
bursts at meter wavelengths. These disturbances 
travel through the corona at speeds up to 0.3c. It 
appears that energetic electrons are trapped by cor- 
onal magnetic fields having a strength of about 
10-4 T, leading to the radio emission. 


Magnetic 
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Solar Cosmic Rays 


Solar flares accelerate atomic particles leaving the 
Sun. A blast wave propagates through the solar 
wind at 1500 km/s, disturbing the solar wind flow 
at the Earth (Section 10-5). Protons, electrons, and 
atomic nuclei are accelerated to high energies in 
flares—we call these solar cosmic rays. Most of the 
particles observed are protons, for the electrons 
lose much of their energy in exciting radio bursts 
in the corona and the solar abundance of other nu- 
clei is low. Alpha particles (helium nuclei) are the 
second most abundant nuclei after the protons. 
Solar-particle energies range from keV (10° eV) to 
about 20 GeV (1GeV = 10’ eV), with the bulk of 
the particles in the MeV (10° eV) range. The high- 
est-energy particles arrive at the Earth within 30 
min of the Ha flare maximum, followed by the 
peak number of particles 1h later, with the low- 
energy cosmic rays bringing up the rear hours 
later. About half the flare energy (some 107°J for 
the largest flares!) is in the Ha emission, half in the 
shock wave, and only 1% in solar cosmic rays. 


A Flare Model 


Here’s one model for the development of a flare 
(Figure 10-25). Magnetic loops through the corona 
connect the two parts of a bipolar active region; 
field lines from the outer parts of the region extend 
out indefinitely. A prominence may define a neu- 
tral line in the BMR. A stress on the magnetic field 
(in the convection zone?) causes an instability. En- 
ergy is released instantaneously at the top of the 
loops as magnetic field lines reconnect—a process 
similar to that in the Earth’s magnetosphere (Sec- 
tion 4-6). 


(C) 


Figure 10-25 Schematic model of a flare. (A) Preflare stage of a BMR. Note the uncon- 
nected magnetic field lines above the coronal loop. (B) Start of the flare as the magnetic 
field lines reconnect at a neutral point; a current flows down to the feet of the BMR. (C) 


Site of the flare moves up into the corona. (R. Noyes) 
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Figure 10-26 General model of the solar dynamo. 
Global convection drives the differential rotation; con- 
vection and the differential rotation together drive the 
magnetic dynamo. (P. Gilman) 


According to Lenz’s law, electric currents that 
oppose this change in the magnetic field are estab- 
lished. Ohmic dissipation of the currents heats the 
gas. The resulting heating of that region of the co- 
rona causes the emission of X-rays, extreme ultra- 
violet emission, and centimeter radio bursts while 
electrons and photons are accelerated downward 
along the loops into the chromosphere, heating it 
to produce the Ha brightening (two-ribbon flares 
are quite common, corresponding to the two sides 
of the loop), more lower-energy X-rays, and tran- 
sition-zone extreme ultraviolet radiation. At the 
same time, other particles are accelerated outward, 
with the electrons producing meter-wavelength ra- 
dio bursts and the protons and other nuclei becom- 
ing solar cosmic rays. Only major flares produce all 
these manifestations; the most energetic may even 
emit gamma rays. Most flares, however, are much 
more modest. 


® A Model of the Solar Cycle 


Since 1960, we have been struggling with a detailed 
magnetic model of the solar cycle that satisfies at 
least some of the observations. One model pro- 
duces a 22-year solar cycle by coupling the Sun’s 
magnetic fields to its differential rotation within the 
solar dynamo (Figure 10-26). 
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(C) 
Figure 10-27 Alternation of solar poloidal and toroidal 
fields. (A) The initial poloidal field is stretched by con- 
vection and differential rotation. (B) The field configu- 
ration becomes toroidal. (C) Rising convective cells pro- 
duce small poloidal components; many such cells and the 
dominance of rising ones reforms the poloidal field. 
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Prior to the start of solar activity, the Sun has 
a weak dipolar magnetic field, with the lines of 
force running along meridians about 0.1Re@ below 
the surface. Each line completes itself by emerging 
near the poles. This configuration is called a poloi- 
dal field (Figure 10-27A). The Sun’s differential ro- 
tation draws each line out along the equator, wrap- 
ping it around the Sun many times. A toroidal 
field develops (Figure 10-27B). As the density of 
lines increases, so also does the associated magnetic 
pressure; inside the flux tubes that contain the 
lines, the gas pressure must decrease (to have pres- 
sure equilibrium), but then the tubes are less dense 
than their surroundings—they experience mag- 
netic buoyancy. The field strength further in- 
creases aS gas motions (convection) twist the lines. 
The twist of small convective cells eventually re- 
establishes the poloidal field and the cycle repeats 
itself (Figure 10-27C). This natural alternation be- 
tween the poloidal and toroidal fields establishes 
the basic rhythm of the solar activity cycle. 

The details of the coupling of surface magnetic 
phenomena with the interior dynamo evolution are 
not yet worked out in detail. The general picture 


goes like this. A flux tube rises to the solar surface 
and appears as a BMR with the strongest fields in 
the sunspots. Supergranules facilitate the emer- 
gence of a flux tube because spots generally origi- 
nate at the boundaries of supergranules. The op- 
posite poles are a consequence of the continuity of 
the field lines from north to south: Because the fol- 
lowing spot is nearer to the Sun’s poles both in 
latitude and along the flux tube, its polarity is op- 
posite that of the nearest pole. 

In summary, the analysis of the solar cycle rests 
on the development of solar magnetic dynamo 
models. To date, such models have focused on the 
interplay of poloidal and toroidal field configura- 
tions. The shear of differential rotation produces a 
toroidal field from a poloidal one. In turn, cyclonic 
motions in the convective zone may regenerate a 
poloidal field. If so, then all stars with an outer 
convective zone and differential rotation should 
have magnetic activity cycles. We now have good 
observations that such is the case (Section 18-3). 
Hence, we can conclude that we have pinned down 
the basic physics even though we do not know all 
the details. 


| Key Equatipns & Contep! & Concep ts | 


Radiative transfer equation 


Fy(m) = F,(0) exp(—1) 


Energy density (ideal gas) 
E = (# density)(energy per particle) = n(3kT/2) 


0) |< ns 


1. Show that the Sun is not at rest in the center of the 
Solar System by calculating the distance from the 
Sun’s center to the center of mass of the Sun—Jupiter 
system. 


2. Find the thermal Doppler width of a spectral line at 
500nm formed in the Sun’s photosphere (T ~ 
5400 Kk). 


3. (a) Given that the photosphere is at a temperature of 
6000 K, would you expect collisional or radiative 
excitations to be more important in exciting hy- 
drogen atoms to the second (n = 2) level? 


(b) Would you expect the Lyman a line to appear in 
emission or absorption? 


4. Consider the following two lines of similar excitation 
potential: Fe I at 414.4 nm and Fe II at 417.3 nm. Ex- 
plain in general terms (with reference to the Boltz- 
mann and/or Saha equation) why the 414.4-nm line 
is the stronger of the two in the photospheric spec- 
trum and the weaker of the two in the chromospheric 
spectrum. 


5. From our description of chromospheric and coronal 
radio opacities, describe how you would determine 
the motion of a solar radio burst through the solar 
atmosphere. 


10. 


11. 


12. 


. How can one determine the temperature structure of 


a sunspot using only its continuous spectrum? 


. How would you unambiguously assign a sunspot 


near the sunspot minimum to the old or the new 
cycle? 


. Some prominences are said to have speeds greater 


than the escape speed from the Sun at the chromo- 
sphere. What is the critical speed? 


. Using the data on the solar wind given in this chap- 


ter, compute the average rate of mass loss of our Sun 
(Mo/year) from 

(a) the solar wind 

(b) energy generation 


Calculate and compare the scale heights for hydro- 
gen in the Sun’s photosphere, chromosphere, and 
corona. 


Calculate the magnetic pressure exerted by a sunspot 
and compare it to the kinetic gas pressure in the pho- 
tosphere. Conclusion? Note that the magnetic pres- 
sure is 


Pmag = B?/2j10 
where the constant wp = 47 X 1077 N/A?. 


Recall that 1 T = 1N/A> m. 


A sunspot’s umbra has a temperature of only 4000 
K. At an equal optical depth of 7 = 1, the umbra is 
about 2600 K cooler than the photosphere. Calculate 
the umbral intensity contrast I,,/I, at 550 nm and 1.0 
uum. Compare to the observed values of 0.1 at 550 
nm and 0.23 at 1.0 wm. Comment? 


13. 


14. 


15. 


16. 


17. 
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Estimate the angular size of a granule and a super- 
granule as viewed from the Earth. 


Use the blackbody radiation law to estimate the 
wavelength of maximum intensity for the light from 
the Sun’s photosphere. 


Using the Stefan-Boltzmann law with reasonable val- 
ues for temperature and radius, estimate the energy 
output of the Sun’s photosphere and corona in watts. 
Compare your result for the photosphere and the co- 
rona to the value of the solar luminosity given in the 
text. Comment on the validity of using the blackbody 
approximation for the corona. 


Consider a sphere of uniform density of radius R and 

absorption coefficient «. We look into the sphere 

along a series of paths, passing different distances d 

from the center to the edge. 

(a) Derive an expression for the optical depth 7 as a 
function of d. 

(b) Calculate the rate of change of 7 with d; that is, 
dr/dd. 

(c) Use the result to discuss the observed sharpness 
of the solar limb. 


Consider the Sun’s corona. 

(a) For what reason can you not see it when you 
cover the Sun with your thumb? 

(b) The corona’s temperature is about 2 million K. 
Why don’t we observe the Sun as a blackbody 
emitter at this temperature? 

(c) Why is the low density in the corona conducive 
to high levels of ionization? 


Stars: Distances and 
Magnitudes 


H aving discussed the Sun, we now jump far be- 
yond the Solar System to the stars. This chap- 
ter presents some of the methods by which the dis- 
tances to the stars are determined and quantifies 
stellar brightness in astronomical terms. The key 
point is this: By comparing other stars with the 
Sun, we can infer their physical properties. 


11-1 
THE DISTANCES TO STARS 


Within the Solar System, we determine distances 
by using Newtonian celestial mechanics and radar. 
However, even the nearest stars are so distant, in 
terms of familiar measures such as the astronomi- 
cal unit, that other methods must be employed to 
determine their distances. As you will see, some of 
these methods are very indirect. 


Trigonometric (Heliocentric) Parallax 


As the Earth orbits the Sun, the nearest stars appear 
to move relative to the more distant stars. The lack 
of any observation of this heliocentric parallax ef- 
fect led astronomers such as Tycho Brahe to be 
skeptical of the Copernican heliocentric model. It 
was not until 1838, when F. Bessel detected the par- 
allax of the star 61 Cygni and F. Struve detected 
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that of Vega, that Copernicus’ model was finally 
vindicated by direct observation. (Note that Brad- 
ley’s discovery of stellar aberration [Section 3-3(A)] 
in 1729 also proved that the Earth is in motion.) 

The parallactic displacement of a star on the 
sky as a result of the Earth’s orbital motion permits 
us to determine the distance from the Sun to the 
star by the method of trigonometric parallax (Fig- 
ure 11-1). We define the trigonometric parallax of 
the star as the angle 7 subtended, as seen from the 
star, by the Earth’s orbit of radius 1 AU. If the star 
is at rest with respect to the Sun, the parallax is 


Figure 11-1 Geometry for trigonometric parallax. The 
angle subtended by the Earth’s orbit of radius 1 AU is 7 
arcsec at a star-Sun distance of d (in parsecs) 


half the maximum apparent annual angular dis- 
placement of the star as seen from the Earth. Let- 
ting a denote the Sun-Earth distance and d the 
Sun-star distance, we have 


a (rad) = a/d 


Recall that there are 27 rad in a circle (360°), so that 
1 rad equals 57°17'44.81" (206,264.81). Hence, if we 
agree to measure all angles in arcseconds and all 
distances in parsecs (abbreviation pc; 1 pc = 
206,265 AU), Equation 11-1 becomes 


wv" =1/d (11-2) 


Note that 1 pc = 3.086 x 10°m = 3.26 lightyears, 
where 1 lightyear is the distance light travels in 
one year. (The view is actually three-dimensional, 
as explained in Section 3-3(B) and shown in Figure 
3-14. Figure 11-1 shows the situation of a star in 
the plane of the Earth’s orbit.) 

The measurement and interpretation of stellar 
parallaxes are a branch of astrometry, and the work 
is exacting and time-consuming. Consider that the 
nearest star, Alpha’ Centauri, at a distance of 1.3 
pe, has a parallax of only 0.76” (Table A4-1); all 
other stars have smaller parallaxes. Ground-based 
stellar parallaxes can be determined with a prob- 
able error of order +0.004”, which means that a 
parallax 0.100” + 0.004” has a 50% probability of 
actually being between 0.096” and 0.104”. So pres- 
ent trigonometric parallaxes are accurate only to 
distances of about 100 pc (7” = 0.001”). 

Technological advances (including the Hubble 
Space Telescope) will improve parallax accuracy to 
0.001” within a few years. Fewer than 10,000 stellar 
parallaxes have been measured to date (and only 
500 are known well). The method of trigonometric 
parallax is important because it is our only direct 
distance technique for stars. 


(11-1) 


11-1 The Distances to Stars 225 


The Hipparchos satellite of the European Space 
Agency, in four years of operation, has greatly ex- 
panded our knowledge of stellar positions to some 
118,000 stars, with an accuracy over 100 times that 
from ground-based observations (better than 107? 
arcsec). These data make up the Hipparchos Cata- 
logue; one with less precision will contain over one 
million stars. Overall, the observations will revo- 
lutionize astrometry. 


@ Other Geometric Methods 


To reach distances greater than 100 pc using geo- 
metric methods, we can use (1) the Sun’s motion 
through the nearby stars and (2) the motions of star 
clusters that are not too far away. Both methods 
depend upon stellar motions; because this topic is 
extensively discussed in Chapter 15, we only sum- 
marize the techniques here. 

The motion of the Sun among the nearby 
stars—the solar motion—is 20 km/s (4.1 AU/year) 
toward the constellation Hercules. This baseline 
grows year by year, so that over an interval of ten 
years, we could measure stellar distances to about 
2000 pc if the nearby stars were stationary in space. 
All stars do move, however, just as the Sun does, 
and so only average parallaxes of groups of stars 
are possible. By assuming that the peculiar motions 
(Section 15-1) of the stars in a large sample (pref- 
erably the same spectral type; Section 13-2) aver- 
age to zero, we can deduce the mean parallax of 
that sample. Moreover, because the solar motion 
affects only that component of a star’s proper mo- 
tion parallel to the solar motion, we may use the 
other (perpendicular) component to find statistical 
parallaxes (Section 15-2). We are forced to sacrifice 
accuracy in order to attain greater distances, and 
the distances obtained relate to a group of stars. 

The moving cluster method leads to precise in- 
dividual stellar distances greater than 100 pc; un- 
fortunately, there are very few clusters (the Hyades 
cluster in the constellation Taurus is the best stud- 
ied) where the method works. A star cluster con- 
sists of many stars moving as a group through 
space because the stars are bound together gravi- 
tationally. If the cluster subtends an appreciable an- 
gle on the sky, the individual stellar proper mo- 
tions appear to converge to (or diverge from) a 
single point on the sky. By measuring the average 
radial velocity of the cluster and using trigonomet- 
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ric calculations, we can determine the distance to 
the cluster (Section 15-3). 


Luminosity Distances 


Finally, we preview distance determinations based 
upon stellar luminosity. We must rely upon these 
rather indirect methods to probe truly our Galaxy 
(and other galaxies). Each method yields only rel- 
ative distances until we calibrate the luminosities of 
the stars involved. The calibration is accomplished 
when we find a nearby representative star (or clus- 
ter) for which the distance and stellar luminosity 
can be determined by means of trigonometric par- 
allax or the moving-cluster method. Because flux 
decreases as the square of the distance from the 
source [Section 8-1(C)], the luminosity follows 
from the observed flux once the distance is known. 
Conversely, if we can estimate the luminosity and 
measure the flux, we can infer the distance from 
the inverse-square law of light. You will see in de- 
tail how these methods work in the next two chap- 
ters. Measurement of stellar distances underlies all 
of astronomy and astrophysics. Now let’s discuss 
stellar brightnesses quantitatively and link them to 
stellar distances. 


11-2 
THE STELLAR MAGNITUDE SCALE 


The first stellar brightness scale—the magnitude 
scale—was defined by Hipparchus and refined by 
Ptolemy almost 2000 years ago. In this qualitative 
scheme, naked-eye stars fall into six categories: the 
brightest (Table A4-2) are of first magnitude, and 
the faintest of sixth magnitude. Note that the brighter 
the star, the smaller the value of the magnitude. In 1856, 
N.R. Pogson verified William Herschel’s finding 
that a first-magnitude star is 100 times brighter 
than a sixth-magnitude star, and the scale was 
quantified. Because an interval of five magnitudes 
corresponds to a factor of 100 in brightness, a one- 
magnitude difference corresponds to a factor of 
1001/5 =2.512. (This definition reflects the operation 
of human vision, which converts equal ratios of ac- 
tual intensity to equal intervals of perceived inten- 
sity. In other words, the eye is a logarithmic detec- 
tor.) The magnitude scale has been extended to 
positive magnitudes larger than +6.0 to include 
faint stars (the 5-m telescope on Mount Palomar 
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can reach to magnitude +23.5) and to negative 
magnitudes for very bright objects (the star Sirius 
is magnitude —1.4). The limiting magnitude of the 
Hubble Space Telescope is about +25. 

Astronomers find it convenient to work with 
logarithms to base 10 (Appendix 9) rather than 
with exponents in making the conversions from 
brightness ratios to magnitudes and vice versa. 
Consider two stars of magnitude m and n with re- 
spective apparent brightnesses (fluxes) f,, and fh. 
The ratio of their brightnesses f/f corresponds to 
the magnitude difference m — n. Because a one- 
magnitude difference means a brightness ratio of 
1001/5, m — n magnitudes refer to a ratio of 
(1001/5)"—" a 100 "—n)/5 or 


Salfn = 1000"—™/5 (11-3) 


Taking the logarithm to base 10 of both sides of 
Equation 11-3 yields, because log x* = a log x and 
log 10° = a log 10 =a, 


log (fn/fm) = [(m — n)/5] log 100 


= 0.4 (m — n) (11-4) 


or 


m — n = 2.5 log (fu/fn) 


Equation 11-5 defines apparent magnitude; note 
that m > n when f, > fm, that is, brighter objects 
have numerically smaller magnitudes. Also note 
that when the brightnesses are those observed at 
the Earth, physically they are fluxes. Apparent 
magnitude is the astronomically peculiar way of 
talking about fluxes. 


Concept Application 


(11-5) 


Magnitudes and Fluxes 


(a) The apparent magnitude of the variable star RR 
Lyrae ranges from 7.1 to 7.8—a magnitude ampli- 
tude of 0.7. To find the relative increase in bright- 
ness from minimum to maximum, we use 


log (fnax/fmin) = 0.4 X 0.7 = 0.28 
so that 
Anaxlimin = 100. = 191 


This star is almost twice as bright at maximum 
light than at minimum. 

(b) A binary system consists of two stars a and 
b, with a brightness ratio of 2; however, we see 


them unresolved as a point of magnitude +5.0. We 
would like to find the magnitude of each star. The 
magnitude difference is 


Mp — Mg = 25 log( fa/fo) = 2.5 log2 = 0.75 


Because we are dealing with brightness ratios, it is 
not right to put m, + mp, = +5.0. The sum of the 
luminosities (f, + f,) corresponds to a fifth-mag- 
nitude star. Compare this to a 100-fold brighter 
star, of magnitude 0.0 and luminosity fo: 


mo = 2.5 loglfo/(fa + fol 


Mat+b — 
or 
5.0 — 0.0 = 25 log 100 = 5 
but f, = 2fb, so that f, = (fa + fr)/3; therefore, 


Mp — Mo = 25 log (fo/fo) 
= 25 log 300 = 25 X 2477 = 6.19 


The magnitude of the fainter star is 6.19, and from 
our earlier result on the magnitude difference, that 
of the brighter star is 5.44. 


11-3 
ABSOLUTE MAGNITUDE AND 
DISTANCE MODULUS 


So far we have dealt with stars as we see them, 
that is, their fluxes or apparent magnitudes, but we 
want to know the luminosity of a star. A very lu- 
minous star will appear dim if it is far enough 
away, and a low-luminosity star may look bright if 
it is close enough. If our Sun were at the distance 
of the closest star (Alpha Centauri), the Sun would 
appear slightly fainter to us than Alpha Centauri 
does. Hence, distance links fluxes and luminosities. 
The luminosity of a star relates to its absolute 
magnitude, which is the magnitude that would be 
observed if the star were placed at a distance of 
10 pe from the Sun. (Note that absolute magnitude 
is the way of talking about luminosity peculiar to 
astronomy.) By convention, absolute magnitude is 
capitalized (M) and apparent magnitude is written 
lowercase (m). The inverse-square law links the 
flux f of a star at a distance d to the luminosity L it 
would have it if were at a distance D = 10 pe: 


L/f = (a/D)? = (d/10)? 
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If M corresponds to L and m corresponds tof, then 
Equation 11-5 becomes 
m — M = 25 log(L/f) 
= 2.5 log(d/10)? = 5 log(d/10) 


Expanding this expression, we have the useful al- 
ternative forms 


m— M = 5logd — 5 (11-6) 
M=m+5-— 5 logd (11-7) 
M=m+5 +5 log 7’ (11-8) 


Here d is in parsecs and 7” is the parallax angle in 
arcseconds. The quantity m — M is called the dis- 
tance modulus, for it is directly related to the star’s 
distance in Equation 11-6. In many applications, 
we refer only to the distance moduli of different 
objects rather than converting back to distances in 
parsecs or lightyears. 


11-4 
MAGNITUDES AT DIFFERENT 
WAVELENGTHS 


The kind of magnitude that we measure depends 
on how the light is filtered anywhere along the 
path to the detector and on the response function 
of the detector itself. So that problem comes down 
to how to define standard magnitude systems. 


Magnitude Systems 


Detectors of electromagnetic radiation are sensitive 
only over given wavelength bands. So a given mea- 
surement samples but part of the radiation arriving 
from a star. Because the flux of starlight varies with 
wavelength, the magnitude of a star depends upon 
the wavelength interval at which we observe. Orig- 
inally, photographic plates were sensitive only to 
blue light, and the term photographic magnitude 
(mpg) still refers to magnitudes centered at 420 nm 
(in the blue region of the spectrum). Similarly, be- 
cause the human eye is most sensitive to green and 
yellow, visual magnitude m, pertains to the wave- 
length region around 540 nm. 

Today we can measure magnitudes in the in- 
frared, as well as in the ultraviolet, by using filters 
in conjunction with the wide spectral sensitivity of 
photoelectric photometers. So systems of many dif- 
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ferent magnitudes (color combinations) are possi- 
ble. In general, a photometric system requires a de- 
tector, filters, and a calibration (in energy units). 
The properties of the filters are typified by their 
effective wavelength Ag and bandpass AA, which is 
defined as the full width at half maximum in the 
transmission profile (Figure 11-2). The three main 
filter types are wide (AA ~ 100 nm), intermediate 
(AA ~ 10 nm), and narrow (AA ~ 1 nm). There is 
a tradeoff for the bandwidth choice: A smaller 
AA provides more spectral information but admits 
less flux into the detector, resulting in longer inte- 
gration times. For a given range of the spectrum, 
the design of the filters makes the greatest differ- 
ence in photometric magnitude systems. 

Note that the characteristics of a filter are a 
function of the spectrum of the measured flux. For 
instance, if a pers spectrum is observed, then 


A be(A) BOA) da 
o/(A) BOA) da 


where ¢,(A) is the transmission function of the fil- 
ter and B(A) and the Planck blackbody distribution. 
The relations also implies that a perfectly sharp fil- 
ter at a single wavelength will measure a mono- 
chromatic flux of the source. 

A commonly used wide-band magnitude sys- 
tem (Table 11-1) is the UBV system: a combination 
of ultraviolet (U), blue (B), and visual (V) magni- 
tudes, developed by H.L Johnson. These three 
bands are centered at 365, 440, and 550 nm; each 
wavelength band is roughly 100 nm wide (Figure 
11-3). In this system, apparent magnitudes are de- 


Transmission (%) 
on 
Oo 


: Xo iN 
Figure 11-2 General properties of a transmission filter, 
with its effective or central wavelength Ag and full width 
at half maximum AA. 
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I TABLE 11-1] Some Photometric Bands 


Effective Wavelength Bandpass 
Band Qo) (Ay) 
u 365 nm 70 nm 
B 440 nm 100 nm 
4 550 nm 90 nm 
R 640 nm 150 nm 
I 790 nm 150 nm 
J 1.25 um 0.12 um 
H 1.66 um 0.16 um 
K 2.22 wm 0.22 wm 
L 345 wm 0.35 wm 
M 4.65 wm 0.46 wm 
N 10.3 wm 1.0 um 


noted by B or V and the corresponding absolute 
magnitudes are subscripted: Mg or My. 

To be useful in measuring fluxes, the photo- 
metric system must be calibrated in energy units 
for each of its bandpasses. This calibration turns 
out to be the hardest part of the job. In general, it 
relies first on a set of standard stars that define the 
magnitudes for a particular filter set and detector; 
that is, these stars define the standard magnitudes for 
the photometric system to the precision with which 


Relative Response 


OP eee ane 


300.0 400.0 500.0 600.0 700.0 
A(nm) 
Figure 11-3 UBV filters. The transmission profile of the 
standard filters in the UBV system for a source with 
equal flux at all wavelengths. 


they can be measured. For instance, the UBV sys- 
tem has about 100 standard stars measured to 
about +0.01 magnitude. Then if we can calibrate 
the flux of just one of these stars, we have cali- 
brated the system. The calibration is usually given 
for zero magnitude at each filter; all fluxes are then 
derived from this base level. The star usually cho- 
sen as the calibration star is Vega. 

Finally, we note that the UBV system has been 
extended into the red and infrared (in part because 


of the development of new detectors, such as . 


CCDs, sensitive to this region of the spectrum). The 
extensions are not as well standardized as that for 
the Johnson UBV system, but they tend to include 
R and I in the far red and J, H, K, L, and M in the 
infrared (Table 11-1). 


@ Color Index 


A quantitative measure of the color of a star is 
given by its color index (CI), which is defined as 
the difference between magnitudes at two different 
effective wavelengths. For example, 


CI = myg — my = Mpg — My (11-9a) 
or more generally 
CI = m(A,) — m(A2) (11-9b) 


where the equality in Equation 11-9a follows from 
Equation 11-7 because we are talking about the 
same star. Note that, for the same star, the differ- 
ence of Equation 11-7 for each of two colors results 
in the cancellation of the log d terms. So the long- 
wavelength magnitude is subtracted from the 
short-wavelength magnitude, and a star’s color in- 
dex does not depend upon distance. Similarly, the 
quantities B — Vand U -— Bare also color indices. 
Also, note that because the color index is a mag- 
nitude difference, it is equivalent to a flux ratio at 
the specific wavelengths involved. That is 


CI = constant — 2.5 log[F(A1)/F(A2)I 


where the constant is the calibration constant for 
the system and F(A,) and F(A2) are the fluxes ob- 
served at the two different wavelength bands. 
Again, if we are observing a blackbody emitter, 
then 


CI = constant — 2.5 log[B(A,)/B(A2)] 
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B — V negative 


log Fy 


log \— 
Figure 11-4 Color index in the BV system. Blackbody 
curves for 20,000 and 3000 K, along with their intensities 


at B and V wavelengths. Note that B — V is negative for 
the hotter star and positive for the cooler one. 


Magnitude systems and their color indices are in- 
strument-dependent because the percentage of the 
incident stellar energy measured depends upon 
both the wavelength bands (Figure 11-4) and the 
particular instruments used. So that all observa- 
tions may be compared on the same basis, the sys- 
tems are set so that the color index of stars (such 
as Vega) with surface temperatures about 10,000 K 
are equal to zero. By this convention, hotter stars 
have a negative color index, and cooler ones have a 
positive index. 

Because stars have different temperatures, their 
spectral energy (Planck) curves peak at different 
wavelengths (Section 8-6 and Figure 11-4); there- 
fore, hot stars are bluish and cool stars are reddish. 
Using the color index B — V, we see that a bluish 
star (20,000 K) has a negative color index because 
it is brighter in the blue (smaller B magnitude) than 
at longer wavelengths (larger V magnitude). A red- 
dish star (3000 K) has a positive color index be- 
cause it is brighter in V than in B. The R — I color 
index is useful for finding the temperatures of 
cooler stars, because more of their flux is emitted 
in the red and infrared. 

If stars radiated as perfect blackbodies (they 
don’t!), the relationship between their surface tem- 
peratures and B — V color index would be in this 
approximation 


B — V = -0.71 + 7090/T  (11-10a) 


where the constants arise from the calibration of 
the system so that a star with a T = 10,000 K has 
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a B — V = 0.00 We then invert this equation so 
that T can be found from B — V: 


T = 7090/[(B — V) + 0.71] (11-10b) 


As you will see in Chapter 13, the spectra of stars 
deviate from that of a blackbody, so that this rela- 
tionship is only a rough guide. For stars like the 
Sun, the empirical relationship for 4000 K < T < 
10,000 K is 


B — V = —0.865 + 8540/T (11-11a) 


and 


T = 8540/[(B — V) + 0.865] (11-11b) 


We have assumed that the observed color indices 
are intrinsic to the stars. However, interstellar 
space is pervaded by dust grains that absorb and 
scatter starlight, and so the observed light appears 
redder than when it was emitted [Section 19-1(B)]. 
This interstellar reddening is wavelength-depen- 
dent, and it therefore affects color indices. We term 
the difference between the observed and the intrin- 
sic color indices the color excess. We mention this 
point here to warn you that a star’s temperature is 
not uniquely determined by a single color index 
measurement between two wavelength bands— 
three-color (or more) photometry is necessary to 
separate out the effects of interstellar reddening. 


Extinction Corrections 


Fluxes measured from the ground must be cor- 
rected for two types of absorption: from the Earth’s 
atmosphere and from the interstellar medium. 
(Note that space telescopes do not suffer from at- 
mospheric extinction; neither would those sited on 
the Moon.) 

First we correct for atmospheric extinction, 
that is, scattering and absorption in the Earth’s at- 
mosphere. We again use the concepts of the trans- 
fer equation of Section 8-7. Current practice is to 
express magnitudes after such correction, as 
though they were observed above the Earth’s at- 
mosphere. Let Fo(A) be the star’s flux outside the 
atmosphere and the optical depth of the atmo- 
sphere 1. Then the flux at the bottom of the at- 
mosphere F(A) is 

F(A) = Fo(A) exp(—1) (11-12) 


Assume that the Earth’s atmosphere is plane-par- 
allel (that is, ignore the Earth’s curvature). Define 
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h as the angular height of a star above the horizon 
and z as the angle between the direction to the ze- 
nith and the direction to the star (z = 90° — h); z 
is the zenith angle. The path length traversed by 
light through the atmosphere is proportional to sec 
z (Figure 11-5). So at the zenith, a star suffers min- 
imal extinction, which increases rapidly close to 
(~30°) the horizon. So the optical depth at the ze- 
nith is at a minimum, call it 7(A). Then at other 
angles, 


TA) = (A) sec z (11-13) 


So if we know 79(A), we can calculate Fo(A) for the 
star because 


FOH/FA() = exepen) (11-14) 


If possible, you want to avoid making measure- 
ments at such low elevations, where the plane- 
parallel approximation no longer holds true. A 
good rule is to keep z < 60°. 

On a given night, selected standard stars and 
unknown sources suffer the same atmospheric ex- 
tinction. (You hope that the extinction does not 
vary over short time periods.) To find the extinc- 
tion coefficient for the night, you measure the flux 
of a standard star over a large range of zenith an- 
gles (from close to the horizon up to the zenith) 
and plot measured values against sec z. If things 
have been done correctly, you get a straight line 
that tells you the amount of extinction (in magni- 
tudes) per unit sec z (which has the name of air 


ZENITH * 


z =Zenith Angle 


h = Height (or altitude) 


Observer veo 


Figure 11-5 Geometry for atmospheric extinction 
based on the assumption of a plane-parallel atmosphere. 


mass), that is, magnitudes per air mass. You then 
correct your other measurements for that night 
with this extinction coefficient, which depends on 
the wavelength of observation. 

Let’s see how this is done. By the definition of 
magnitude, 


m(A) — mo(A) = —2.5 log[F(A)/Fo(A)] 


where mo(A) is the apparent magnitude of the star 
above the atmosphere. Then by substituting Equa- 
tion 11-14, we have 


m(A) — mo(A) = —2.5 loglexp(— 1)] 
= 2.5 (log e) y 
1.0867, 


and 
mo(A) = m(A) — 1.0867 
We now substitute with Equation 11-13: 


Mo(A) = m(A) — 1.086 79(A) sec z 
= m(A) — ko(A) sec z 


Astronomers call ko(A) the first order extinction co- 
efficient; a typical range of values at V band is 0.15 
to 0.2. The value varies some from night to night 
and depends on the local atmospheric conditions. 

We apply the same physical concepts to correct 
for interstellar extinction, scattering and absorp- 
tion by interstellar gas and dust. We use Equation 
11-12 again, with Fo(A) now defined as the flux we 
would receive if space were transparent. Then in 
magnitudes, a star’s light is dimmed by Am(A) = 
1.086 1 = A(A), which is the total interstellar ex- 
tinction, in magnitudes, at the wavelength of the 
observation. So the distance modulus (Equation 
11-6) now becomes 


m-M=5logd-5+A_ (11-15) 


That’s simple enough, but A is hard to determine 
because it is a wavelength-dependent and line-of- 
sight property of the interstellar medium. 

We do get some help from the fact that the in- 
terstellar medium scatters blue light more than red, 
so a star (of a given temperature) will appear red- 
der than expected. That is, instead of the color in- 
dex we expect, a star will have a color excess. Con- 
sider the (B — V)o intrinsic color index for a star. 
Its V apparent magnitude is 


V=My+5logd—-—5+ Ay (11-16) 
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and its B apparent magnitude is 
B= Mg +5 logd—-—5 + Ag 
Subtract these to find the observed color index 
B-— V=Mg — My + Ap — Ay 


Now, Mg — Myis the intrinsic color of a star and 
is equal to (B — V)o. Define the color excess as 


E(B - V) = (B- V) - (B- V)o 
and we end up with 
B- V=(B-V)) + EB - V) 


which still begs the question of the value of Ay! As 
you will find out in Chapter 19, studies of the in- 
terstellar medium find that 


Ay ~ 3E(B — V) 


and then solve Equation 11-16. 


Bolometric Magnitudes and 
Stellar Luminosities 


The complete spectral energy distribution of a star 
is only sampled by the color indices we have been 
discussing. Of greater significance for the overall 
structure of the star, however, is its total rate of 
energy output (in watts) at all wavelengths. If we 
place ourselves outside the Earth’s atmosphere, the 
radiative flux from the star per unit wavelength 
fi W/m? - A) permits us to define the total bolo- 
metric flux (W/m72): 


foot = i f(A) da 
0 


The apparent bolometric magnitude of the star 
Mo) follows from Equation 11-5 as 


Mpol = —2.5 log fo + constant 


where the constant is an arbitrary zero point. The 
absolute bolometric magnitude of the star Mpoi is 
the bolometric magnitude if the star were at the 
standard distance of 10 pc. In the notation of Equa- 
tion 11-15, the visual flux f,, for example, is 


fo = | fla) S(A) da (11-17) 
0 
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where S(A) expresses the spectral sensitivity of the 
visual photometric system (the V bandpass of Fig- 
ure 11-3). In analogy to Equation 11-16, we can 
then define the visual magnitude as 


My = —2.5 log fy + constant (11-18) 


Our Sun is the only star for which f, has been 
accurately observed. Indeed, fpo is related to the 
solar constant—the total solar radiative flux re- 
ceived at the Earth’s orbit outside our atmosphere 
(1370 W/m?). The solar luminosity Lo (3.86 x 
1026 W) is calculated from the solar constant in the 
following manner. Using the inverse-square law, 
we find the radiative flux at the Sun’s surface Ro. 
Then Lo is just 47Ro* times this flux. The solar 
energy distribution curve may be approximated by 
a Planck blackbody curve (Section 8-6) at the ef- 
fective temperature T.¢¢, defined as the tempera- 
ture of a blackbody that would emit the same total 
energy as an emitting body, such as the Sun or a 
star. Then the Stefan-Boltzmann law (Equation 
8-40) implies 


Lo = 4mRo? o Tes¢! J/s (11-19) 


where a is the Stefan-Boltzmann constant. 

If we know the absolute bolometric magnitude 
of a star, we can use Equation 11-5 to find that 
star’s luminosity: 


Mpoi(©) — Mboi(+) = 2.5 log(L+/La) (11-20a) 
With My (©) = +4.75, this becomes 
log(L+/LQ) = 1.9 — 0.4Mpoi)  (11-20b) 


Mbpou*) is not directly observed (although this is 
now becoming possible with satellites), but L+ may 
be deduced by studying the star’s spectrum (Chap- 
ter 13); then the absolute bolometric magnitude fol- 
lows from Equation 11-20a. The Sun’s luminosity 
and absolute magnitude provide a useful calibra- 
tion of the magnitude scale. 

In practice, we use the bolometric correction 
BC, which is the difference between the bolometric 
and visual magnitudes, to determine a star’s bolo- 
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metric magnitude: 
BC = mMpbol — My = Mba — Mo 
25 log (fo/foo) (11-21) 


Bolometric corrections are inferred from ground- 
based observations by using theoretical stellar 
models; these corrections have been checked and 
improved with the ultraviolet data from orbiting 
satellites. In the UBV magnitude system, the bolo- 
metric correction is a minimum for stars with 
Tefp = 6500 K; BC = —0.07 for our Sun. (Table A4-3 
gives the bolometric corrections for stars of differ- 
ent temperatures.) For stars with surface tempera- 
tures of 6700 K, the spectral energy peaks in the 
V wavelength band, so that the greatest percentage 
of the star’s energy is detected. For other stellar 
temperatures, a smaller percentage of the total ra- 
diative energy is measured in the V band; hence, 
their bolometric corrections are larger (in absolute 
value) than that for 6700-K stars. 
We now pull all these factors together to get 


Mpboi = My + 5 — 5 log d — Ay + BC 
4.75 — 2.5 log (Lya/LQ —(11-22) 


We use the Sun to calibrate this relation, with its 
measured luminosity and a BC = —0.07. Then 
Mpoi = 0.0 corresponds to Lyo = 3.04 X10? W, 
and my, to a flux of 2.54 x 1078 W/m?. For the 
UBV filters, the luminosities for an My. = 0.0 star 
are 3.52 x 1077, 7.68 X 1077 and 3.68 x 10?” W. 
Finally, we convert these to flux densities, the 
flux per unit wavelength (or frequency): U = 
4.34 x 10°72, B = 6.60 X 107%, and V = 3.54 x 
10-12 W/m? A. Magnitudes have become physi- 
cally meaningful units. 

Finally, a word of caution. The light we receive 
and measure from stars has been filtered many 
times before we record it: by the matter in inter- 


‘stellar space, by the Earth’s atmosphere, by the 


optics of our telescope, and by the detector and fil- 
ters used. The goal of the observer is to correct for 
this filtration so that the light has the same char- 
acteristics as that just emitted by the star at its 
photosphere. 
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cy fuitiohs 6 Cnc nc 


Heliocentric parallax Color index 


Tr" =1fd 


Apparent magnitude 


m —n = 25 log(fa/fm) 


Distance modulus 


m-M=5logd-—5+A 


CI = m(Ay) — m(Az) 


Bolometric magnitude and luminosity 


Mpoi(©) — Mbory = 2.5 log (L«/La) 


Distance modulus (with bolometric correction) 


Mboi = My + 5 — 5 log d — Ay + BC 


|? lps 


. Astronomers living on Mars would define their as- 
tronomical unit in terms of the orbit of Mars. If they 
defined parsec in the same manner as we do, how 
many Martian astronomical units would such a par- 
sec contain? How many Earth astronomical units 
would equal a Martian parsec? How many Earth par- 
secs are there in a Martian parsec? 


. A variable star changes in brightness by a factor of 
4. What is the change in magnitude? 


. What is the combined apparent magnitude of a bi- 
nary system consisting of two stars of apparent mag- 
nitudes 3.0 and 4.0? 


. If a star has an apparent magnitude of —0.4 and a 
parallax of 0.3", what is 

(a) the distance modulus? 

(b) the absolute magnitude? 


. What is the distance (in parsecs) of a star whose ab- 


7. What would the expression for absolute magnitude 


be, in terms of apparent magnitude and distance, if 
absolute magnitude were defined as the magnitude 
a star would have at 100 pc? 


. The Sun has an apparent visual magnitude of 


— 26.75. 

(a) Calculate its absolute visual magnitude. 

(b) Calculate its magnitude at the distance of Alpha 
Centauri (1.3 pc) 

(c) The Palomar Sky Survey is complete to magni- 
tudes as faint as +19. How far away (in parsecs) 
would a star identical to the Sun have to be in 
order to just barely be bright enough to be visible 
on Sky Survey photographs? 


. Using the data from this chapter, determine the ap- 


parent magnitude difference between Sirius and the 
Sun, as seen from the Earth. How much more lumi- 
nous is Sirius than the Sun? 


solute magnitude is +6.0 and whose apparent mag- 10. A certain globular cluster has a total of 104 stars; 100 
nitude is +16.0? of them have M, = 0.0, and the rest have M, = 
+5.0. What is the integrated visual magnitude of the 
. What are the absolute magnitudes of the following cluster? 
stars: 
(a) m = 5.0, d = 100 pc 11. The V magnitudes of two stars are both observed to 


(b) m = 10.0, d = 1 pc (Is there such a star?) 
(c) m = 65, d = 250 pc 

(d) m = —3.0,d = 5pc 

(e) m = -1.0, d = 500 pc 

(f) m = 65, parallax a = 0.004” 


be 7.5, but their blue magnitudes are B; = 7.2 and 

Bz = 8.7 

(a) What is the color index of each star? 

(b) Which star is the bluer and by what factor is it 
brighter at blue wavelengths than the other star? 
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12. What is the color index of a star at a distance of 150 


13. 


14. 


15. 


16. 


17. 


18. 


pe with my = 7.55 and Mg = 2.00? 


What is the absolute bolometric magnitude of a star 
with a luminosity of 109° W? 


Give the expressions for the luminosity of a star 
(Equation 11-19) and its bolometric magnitude in 
terms of that of the Sun (Equation 11-20a), find an 
expression for the bolometric magnitude of the star 
as a function of its temperature and radius. The ef- 
fective temperature of the Sun is 5780 K. 


The bolometric correction for a star is —0.4, and its 
apparent visual magnitude is +3.5. Find its apparent 
bolometric magnitude. 


Two astronomers, located 100km apart along a 
north-south line, simultaneously observe an asteroid 
near the zenith. Comparison of their observations in- 
dicates that the star had a parallax of 5 arcsec. Esti- 
mate the distance to the asteroid in kilometers. How 
many times more distant is it than the Moon? 


Observational astronomers often use a rule of thumb 
that a 1% change of brightness roughly corresponds 
to a change of 0.01 magnitude. Justify this approxi- 
mation and comment on its validity. 


What is the largest distance that a star of absolute 
magnitude —6 could be detected by the Palomar 
5-m telescope? By the Hubble Space Telescope? [Use 
the limiting magnitudes given in Section 11-2.] 


Stars: Distances and Magnitudes 


19. 


20. 


21. 


22. 


23. 


A variable star is observed to change its B — V color 

index from 0.5 to 0.7. 

(a) Assuming the star radiated as a blackbody, what 
would be the temperatures corresponding to the 
two color indices? 

(b) Assuming the star is like the Sun, what would be 
the temperatures corresponding to the two color 
indices? 


(a) Assuming an extinction coefficient of 0.2, how 
much fainter (in magnitudes) would a star ap- 
pear when at an altitude (angular height above 
the horizon) of 30° compared to when it is at an 
altitude of 90°? 

(b) At what zenith angle would the star appear 1 
magnitude fainter than’when at the zenith? 


Derive an expression for the bolometric correction for 
a star whose continuous emission is exactly like that 
of a blackbody at temperature T. 


Most photometers today can measure magnitudes 
with a precision of 0.01 mag with little difficulty. 
Given this error in measuring the apparent magni- 
tude of a star, what error results in its distance (as- 
suming we know its absolute magnitude exactly)? 


Consider a star with My = 4.4 and a surface tem- 
perature the same as that of the Sun. If we do not 
have to consider atmospheric and interstellar extinc- 
tion, what flux density would we measure at UBV? 


Stars: Binary Systems 


ost stars clearly visible in optical telescopes 

turn out to be binary or multiple star systems. 
The stars in a multiple system are physically re- 
lated; they orbit one another under the influence of 
their mutual gravitational attraction. As you will 
see, known physical laws can be coupled with suit- 
able observations of binary systems to tell us about 
many important stellar characteristics, especially 
masses and radii. In addition, they can be used to 
infer densities, surface temperatures and luminos- 
ities, and rotation rates. 

Fortunately, most stars in the neighborhood of 
our Sun (well over 50%, perhaps close to 80%) be- 
long to multiple systems, which allows us to infer 
the physical properties of many of them. This fact 
is especially important for the estimate of stellar 
masses, which can be done directly only in binary 
systems for ordinary stars. The prevalence of mul- 
tiple star systems also underlines the importance 
of angular momentum in the process of star for- 
mation. 


12-1 
CLASSIFICATION OF BINARY SYSTEMS 
For physical and observational reasons, astrono- 


mers classify stellar binary systems into several dif- 
ferent types: 


Apparent binary Two stars that are not physi- 
cally associated but appear close together on the 
sky because they lie along the same line-of- 
sight. Their uncorrelated space motions soon re- 
veal that they are not members of a physical 
binary system. (Sometimes these are called op- 
tical doubles.) 


Visual binary A bound system that can be re- 
solved into two stars at the telescope. The mu- 
tual orbital motions of these stars are observed 
to have periods ranging from about one year to 
thousands of years. 
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Astrometric binary Only one star is seen tele- 
scopically, but its oscillatory motion in the sky 
reveals that it is accompanied by an unseen 
companion. Both bodies are orbiting about their 
mutual center of mass. 


Spectroscopic binary An _ unresolved system 
whose duplicity is revealed by periodic oscilla- 
tions of the lines in its spectrum. In some cases, 
two sets of spectral features are seen (one for 
each star) oscillating with opposite phases; in 
other cases, one of the stars is too dim to be 
seen, so that only one set of oscillating spectral 
lines is recorded. Typical orbital periods here 
range from hours to a few months. 


Spectrum binary An unresolved system in which 
spectral features do not reveal orbital motion but 
two clearly different spectra are superimposed. 
We infer that two members of a binary system 
are producing the observed composite spectrum. 


Eclipsing binary A binary system whose two 
stars periodically eclipse one another, leading to 
periodic changes in the apparent brightness of 
the system. Such systems may also be visual, 
astrometric, or spectroscopic binaries. 


Finally, we point out that the Sun as a single 
star is an oddity. Among solar-type stars, the ob- 
served ratio of single: double: triple: quadruple sys- 
tems is 45:46:8:1. For binary systems, orbital sep- 
arations range uniformly from 3 X 10? to 3 x 
10m (orbital periods from one day to 3 Xx 
10° years). Roughly 10% of stars are binaries with 
orbital periods of from 1 to 10 days, another 10% 
with periods of from 10 to 100 days, and so on. 

In what follows, keep these ideas in mind. The 
apparent orbit is that traced out on the sky; most 
likely, it is tilted with respect to the line of sight. 
The true orbit is corrected for this tilt. When one 
of the stars is considered fixed while the other 
moves around it, the orbit is then the relative orbit. 
The absolute orbit is that traced out by both stars 
around the center of mass of the system. 


12-2 
VISUAL BINARIES 


Asa result of the Earth’s turbulent atmosphere, the 
seeing image of a star is seldom less than 1” in di- 
ameter. The two stars of a binary system are re- 
solved telescopically as a visual binary if their cen- 
ters are separated by more than 1”. The members 


of a visual binary must be well separated in angle 
at some point in their orbital motion; otherwise, the 
duplicity will not be resolved. The observed orbital 
periods are necessarily long (years to hundreds or 
thousands of years), as expected from Kepler’s 
third law. 


To North 
Celestial Pole 


Companion Positio: 


South 


270° 
2040 


0 Apastron 


(B) 


Figure 12-1 Apparent relative orbit of a visual binary. 
(A) The orbit is apparent because it is projected on the 
sky. It is relative because one star (the primary) is as- 
sumed to be the center of the motion of the other (the 
companion). (B) Actual apparent orbit of Zeta Cancri B 
around Zeta Cancri A; the orbital period is 60 years. Note 
that the orbit is almost face on to the line-of-sight. 


The Determination of Stellar Masses 


A single observation of a visual binary (Figure 
12-1) is specified by giving the apparent angular 
separation (in arcseconds on the sky) and the po- 
sition angle (angle measured eastward from north, 
in degrees) of the fainter star (the companion des- 
ignated star B or star 2) relative to the brighter star 
(the primary designated star A or star 1). As time 
passes, these points trace out the apparent relative 
orbit of the binary system on the celestial sphere. 

Two gravitating bodies orbit one another, as 
well as their center of mass, in accordance with 
Kepler’s laws. So the orbit is an ellipse, and the 
orbital motion satisfies the law of equal areas and 
the third law. We do not generally see the true or- 
bit, however, for the orbital plane of a binary sys- 
tem may be inclined at any angle to the plane of 
the sky. (The inclination is 0° when the two planes 
coincide and 90° when the orbit is seen edge-on.) 
Fortunately, the law of equal areas holds (but with 
a different constant of proportionality) for the ap- 
parent (projected on the sky) orbit, and the ellipti- 
cal true orbit always projects into an elliptical ap- 
parent orbit. The foci of the apparent orbit do not 
correspond to the true foci (in particular, the pri- 
mary does not lie at one focus of the apparent el- 
lipse). By measuring the displacement of the pri- 
mary from the apparent focus, we can determine 
the inclination of the orbit to the local tangent plane 
on the celestial sphere; the true eccentricity and the 
true semimajor axis a” (in arcseconds) can then be 
determined as well. 

Having determined the true orbit of the visual 
binary, we may now apply Kepler’s third law to 
deduce the masses of the stars. One form of the 
third law is 


(M, + My)P? = a3 (12-1) 


where mass M is measured in solar masses (Mo), 
the orbital period P is measured in years, and the 
true orbital semimajor axis a is measured in astro- 
nomical units. Although we may observe P di- 
rectly, a follows from a” only when we know the 
distance (or parallax 7”) to the visual binary. Geo- 
metrically, we have 

a = afr’ (12-2) 
so that Equation 12-1 may be written in terms of 
observables as 


(M, + M2)P2 = (d/n’)3 (12-3) 
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An accurate value for the sum of the stellar 
masses follows from Equation 12-3. To determine 
the individual masses, we must find the relative 
distance of each star from the center of mass of the 
system because 


Mya = Mea (12-4) 


On the sky, the center of mass travels in a straight 
path with respect to the background stars, and the 
binary components weave periodically about this 
path (Figure 12-2). By eliminating the center-of- 
mass motion and correcting for the orbital incli- 
nation, we obtain aj and a3 and therefore aj/a3 
which equals a /ap. 


(where a; + a2 = 4) 


1940 
1990 B 1980 
1950 (B) 


(A) 


Figure 12-2 Motions of Sirius A and B. (A) The appar- 
ent motions relative to background stars of Sirius (A), its 
companion (B), and the center of mass of the system (C). 
(B) Orbital motions of Sirius A and B relative to the sys- 
tem’s center of mass. 
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ot Application 


Kepler’s Third Law 


Imagine that the two stars of a visual binary are 
observed to have a maximum separation of 3:0 and 
a trigonometric parallax of 010; the apparent orbit 
is completed in 30 years. Both stars orbit a common 
center of mass. Neither star orbits at the focus of 
the true orbits in space, but each can lie at the focus 
of the relative orbits. Here the primary coincides 
with the focus of that orbit. Then we are seeing the 
true orbit, and the sum of the stellar masses is 
30Mo (from Equation 12-3). 


M, + Mz = (3.0/0.1)°/30? = 30 


The companion is observed to be five times farther 
from the center of mass than the primary, so that 
a,/a2 = 1/5 and thence (Equation 12-4) 


M;, (primary) = 25Mo 
Mp2 (companion) = 5Mo 


10° 


104 


10? 


Luminosity (solar units) 


10-2? 


1.0 2.0 
Mass (solar masses) 


0.5 


The Mass-Luminosity Relationship 


Just as the determination of the period and size of 
the Earth’s orbit (by Kepler’s third law) leads to the 
Sun’s mass, so also have we deduced binary stellar 
masses. Because it is necessary to know the dis- 
tance to the binary system in order to establish 
these masses, we need only observe the radiant flux 
of each star to find its luminosity. 

When the observed masses and luminosities 
for stars in binary systems are graphed, we obtain 
the correlation (Figure 12-3) called the mass- 
luminosity relationship (or M-L relation for 
short). In 1924, Arthur S. Eddington calculated that 
the mass and luminosity of normal stars like the 
Sun are related by 


L/Lo = (M/Mo)* (12-5a) 


His first crude theoretical models indicated that 
a ~ 3. Ona log-log plot, Equation 12-5 graphs as 
a straight line with a slope of a. So main-sequence 
stars do seem to conform to Equation 12-5a, al- 
though the exponent varies from a ~ 3 for lumi- 


Figure 12-3 Mass-luminosity re- 
lationship. Masses and luminosities 
are shown here for stars in binary 
systems for which good values can 
be inferred. The stars (open circles) 
off to the right of the trend line (at 
low luminosities) are white dwarfs 
made of degenerate rather than or- 
dinary gases. 


nous and massive stars through a ~4_ for 
solar-type stars to a ~ 2 for dim red stars of low 
mass. From a sample of 126 well-studied binary 
systems, we find that the break in slope occurs at 
a mass of 0.43Mo, and that the slope below this 
value is 2.26; above it, 3.99. For general use, an ad- 
equate form of the M-L relation for each regime is 


L/Lo (M/Mo 4.0 
L/Lo = 0.23(M/Mo)23 


(12-5b) 
(12-5c) 


Today, astrophysical theories of stellar struc- 
ture explain these results in terms of the different 
internal structures of stars of different mass and the 
opacities of stellar atmospheres at different tem- 
peratures. Note that the M-L law does not apply 
to highly evolved stars, such as red giants (with 
extended atmospheres) and white dwarfs (with de- 
generate matter; Figure 12-3). Although most stel- 
lar masses lie in the narrow range from 0.085Mo 
to 100Mo, stellar luminosities cover the vast span 
10-4 <= L/Lo = 10% 


12-3 
SPECTROSCOPIC BINARIES 


If a binary system cannot be optically resolved at 
the telescope, its duplicity may show in its spec- 
trum. Although orbital motion may not be detect- 
able, we know that we are dealing with a spectrum 
binary when two different sets of line features are 
seen superimposed in the spectrum. A more useful, 
and interesting, case is the spectroscopic binary: 
Here two stars orbit their center of mass closely 
(=1 AU) and rapidly (P ~ hours to a few months), 
and the orbital inclination is not 0°. Under these 
conditions the radial velocities of the stars will be 
large enough to be measurable by the Doppler shifts. 

The spectrum of a spectroscopic binary (Figure 
12-4) exhibits lines that oscillate periodically in 
wavelength. If the companion is so dim that its 
spectral features are not detected, we have a single- 
line spectroscopic binary (Figure 12-4A); two stars 
of more nearly equal luminosity produce two sets 
of spectral features that oscillate in opposite senses 
(in wavelengths)—we call this system a double- 
line spectroscopic binary (Figure 12-4B). About a 
thousand spectroscopic binaries are known, and 
good orbits have been determined for a few 
hundred. 
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Figure 12-4 Spectra of spectroscopic binaries. (A) Ina 
single-line system, only one set of lines shows an oscil- 
lation in wavelength from the Doppler shift. (B) In a dou- 
ble-line system, two sets of lines oscillate out of phase as 
the two stars revolve around their center of mass. 


The Velocity Curve 


To obtain useful information from the spectrum of 
a spectroscopic binary, we must interpret the be- 
havior of the spectral lines. Because the two stars 
orbit in a plane inclined (at angle i) to the celestial 
sphere, that component of their velocity in the line 
of sight Doppler-shifts their spectral features. (Note 
that no Doppler shift can occur as a result of orbital 
motion alone when i = 0°; the system may then 
appear as a spectrum binary.) In addition, the cen- 
ter of mass of the system moves with respect to the 
Sun, so that the entire spectrum may be Doppler- 
shifted by some constant amount. 
From Equation 8-13, the Doppler-shift formula 
is 
AA/Ag = (A — Ao)/Ao = 2,/c (12-6) 


where Ag is the emitted wavelength (laboratory 
wavelength) of a spectral feature, A is the observed 
wavelength, v, is the radial speed (positive for re- 
cession, negative for approach) of the star, and 
c = 3 X 10°km/s is the speed of light. Because of 
the finite width of spectral lines, we are limited 
at visible wavelengths to a shift resolution of 
AA = 0.001 nm; hence, the radial speed must be 
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v, = 1km/s to be detectable. So the periods of ob- 
servable spectroscopic binaries are necessarily short. 

When we convert (using Equation 12-6) the 
Doppler shifts to radial velocities (Figure 12-5A) 
and plot the results as a function of time, we obtain 
the velocity curve. The simplest case is circular 
stellar orbits at the inclination i = 90° (edge-on); 
the two curves (one for each star) are sinusoidal 
and oscillate with exactly opposite phases about 
the center-of-mass velocity in a period P (Figure 
12-5B). In this case, we find the distances to the 
center of mass by noting that in one period, the 


primary traverses the circumference 277, at con- 
stant speed V. Hence, VP = 277 and 


mn = VP/2r and t = vP/27 (12-7) 
The ratio of stellar masses is 
M/ m= 12/ n= v/ V 


the relative semimajor axis a is 1 + rm, and, from 
Equation 12-1, the sum of the stellar masses is 


M + m = a°/p? 
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Figure 12-5 A binary sys- 
tem‘s radial velocity curve. (A) 
The Primary (P) and compan- 
ion (C) stars orbit the center of 
mass (X) in circular orbits of 
inclination 90°. (B) The center 
of mass is receding at a con- 
stant speed (CM) relative to 
the Sun, and the stars move at 
speeds V (primary) and 7 
(companion) relative to the 
center of mass in one orbital 
period P. (C) Actual observa- 
tional data for the eclipsing bi- 
nary WY Cnc with an orbital 
period of 0.83d. The solid 
curve is the best fit to the data 
points, which are those for the 
primary star alone. (J. 
Newmark) 


Figure 12-6 Velocity curves for ellip- 
tical orbits. The primary (mass M) and 
companion (mass m) have elliptical or- 
bits of the same eccentricity but with 
semimajor axes in the ratio of M/m. 
The inclination is 90°, and the orbital 
period is P. (A) Major axes along the 
line-of-sight. (B) Major axes at 90° to 
the line-of-sight. (C) Major axes at 45° 
to the line-of-sight. 
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The individual stellar masses follow from their sum 
and ratio, and the dynamical characteristics of this 
spectroscopic binary are completely determined. 
In general, this simple picture does not occur. 
For a single-line spectroscopic binary (only the pri- 
mary’s spectrum is seen; Figure 12-5C), we could 
determine only 7, and the so-called “mass function” 
m? sin? i/(M + m)2. (see the next section for de- 
tails); a reasonable value for M might be obtained 
from the primary spectral type; then the system 
could be approximately deciphered. A greater dif- 
ficulty is that, unless the system is also an eclipsing 
binary (Section 12-4), we have no clear idea what 
the orbital inclination is. If the velocity curve is 
purely sinusoidal, we know only that we are deal- 
ing with a circular orbit whose plane is tilted at 
some angle i to the celestial sphere. The amplitudes 
of the velocity curves give (by trigonometry) the 
observed (denoted by primes) circular speeds: 


y' 
v 


V sini 


v sin i 


Hence, we may determine the mass ratio exactly 
because 


M/m = n/n = v/V = v/V' 


but only the lower limit, a sini, to the relative semi- 
major axis is accessible. 

If the orbit is not circular but has an eccentricity 
e, the velocity curves are distorted from pure si- 
nusoids (Figure 12-6). The double-line curves are 
mirror images of one another but have different 
amplitudes—an orbital inclination i merely reduces 
all radial velocities by the same factor sini. The 
periodicity and characteristic shapes of these curves 
allow us to find P, e, and 12 (the orientation of the 
major axis with respect to the line-of-sight) imme- 
diately. When i = 90°, the relative semimajor axis 
and both stellar masses may be obtained. 

Single-line systems allow us to detect “invisi- 
ble” companions (hidden in the glare of the pri- 
mary star) and measure their masses. Hence they 
play a central role in the search for extrapolar plan- 
etary systems. In such a system composed of a star 
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of mass M. (in solar masses) and a planet of mass 
M, (in solar masses) much less than M,, revolving 
with period P (in years) and semimajor axis a (in 
astronomical units), in an orbit inclined at an angle 
i, the radial velocity v, (in km/s) of the star will 
vary with an amplitude given by 


M, sin i 


v, = 0 = 305173 yp 


qi/2 M}/2 

The radial velocity method yields only the 
product M, sini; because the orbital inclination i 
generally cannot be determined (except in the spe- 
cial case of an edge-on, eclipsing system), only a 
lower bound on the planet’s mass is found. The 
eccentricity is found from the shape of the radial 
velocity curve—circular orbits produce sine curves. 


@ The Mass Function 


The strong tidal interactions between the compo- 
nent stars in short-period spectroscopic binaries 
(P = 10 days) circularize their orbits quickly (in 
about 5 X 10° years or less). Consider a circular (or 
small eccentricity, e < 1) relative orbit at inclina- 
tion i. What can we say about the masses of the 
stars? Because we can obtain P, rn, and 75 (thence 
a’ = r + #5) from the velocity curve of a double- 
line binary, Kepler’s harmonic law gives 


(M + m)sin? i = (a’)3/P? 


Recall that M/m was also found in this case. If we 
see only the primary in a single-line binary, we can 
find only the mass function f(M, m) by 


(M + m)P2 = a? = (, + ~)> = 7301 + n/n)? 
n3(1 + M/m)3 
= (4)3(M + m)3/m3 sin? i 


or 


f(M, m) = m3 sin? i/(M + m)? = (4)°/P? (12-8) 


r (companion) 


i af tu) ——— 
= r (primary) pee 
Plane 
(A) (B) 


where 7 and P are observed and we have used the 
center of mass relation Mn = mrp. 

If the orbital inclination is unknown, of what 
use is the mass function? We cannot evaluate in- 
dividual stellar masses, but by combining many 
data, statistical masses may be obtained. If the or- 
bital planes are randomly distributed in i, then the 
mean value of sin? i is 0.59; however, we are more 
likely to detect spectroscopic binaries with i ~ 90° 
(almost edge-on), and so we correct for this obser- 
vational selection effect by assigning a somewhat 
larger value to the mean of sini, say ~2/3. In 
addition, we have spectral information on the vis- 
ible components, which can suggest appropriate 
masses. 


12-4 
ECLIPSING BINARIES 


When the inclination of a binary orbit is close to 
90°, each of the stars can eclipse the other periodi- 
cally—we call these eclipsing binaries. A few 
thousand such systems are known; most are also 
spectroscopic binaries, and very few are visual 
binaries. For a relative orbit of radius p, tilted 
at an angle ¢ to the line-of-sight (6 = 90° — i), 
an eclipse can occur (Figure 12-7) only when 
p sind < R (primary) + R (companion), where 
R is the stellar radius. Small orbits are favored, be- 
cause these small orbits have short periods and 
high orbital velocities. 


Interpreting the Light Curve 


Eclipsing binaries are most readily detectable by 
their periodically varying brightnesses. If we plot 
the apparent magnitude or flux of such a binary as 
a function of time, we obtain the light curve, which 
generally exhibits two brightness minima of differ- 


Figure 12-7 Eclipse geometry 
for binaries. (A) Front view from 
Earth; note that the companion 
must pass in front of the primary 
for an eclipse to occur. (B) Side 
view showing the permissible 
range of the companion for 
eclipses. 


Figure 12-8 V-band_ observa- 1.02 
tions of an eclipsing binary, WY 

Cnc, an RS CVn system. The open 

circles are the actual data; the 

solid curve is the best fit of an 0.89 
eclipsing binary model to the data 

points. The intensity units are nor- 

malized so that the sum of both 

stars outside of eclipses is set 0.76 
equal to 1.0. Note that the primary 
eclipse (phase 0° and 360°) is much 
deeper than the secondary one 
(phase 180°), which implies that 0.63 
the secondary star is much less lu- 

minous than the primary one. 


Intensity 


0.50 


ent depths corresponding to the two possible 
eclipses per orbital period (Figure 12-8). 

The deeper minimum—primary eclipse—oc- 
curs when the hotter star passes behind the cooler 
star; the other eclipse—the secondary—is shal- 
lower. Several types of eclipses are possible: (1) 
when i = 90°, both the total eclipse (smaller star 
behind larger star) and the annular eclipse (smaller 
star in front) are termed central; (2) when p cosi < 
[R (primary) — R (companion)], we still have total 
and annular eclipses; and (3) when [R (primary) — 


Figure 12-9 Central eclipses 
for circular orbits. The smaller 
star is assumed the hotter of the 
two. The four numbered contact (A) 
points define the duration of the _ Brightness 
eclipse. These central eclipses 
have flat bottoms. (A) During 
secondary eclipse, the smaller 
star passes in front of the larger 
one. (B) During primary eclipse, 
one-half an orbital period later, 
the smaller star passes behind 
the larger one. 
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WY Cnc V-Band 


180 270 360 450 540 
Phase (degrees) 


R (companion)] < p cosi < [R(primary) + R (com- 
panion)], only partial eclipses take place. Note that 
in every case exactly the same stellar area is cov- 
ered at both primary minimum and secondary 
minimum, if the orbits are circular or i = 90°. 
Consider the light curve associated with central 
eclipses and a circular relative stellar orbit for the 
situation where the larger star has a lower surface 
temperature than the smaller one (Figure 12-9A 
and B). Four points (in the time during one eclipse) 
exist where the limbs of the two stars are tangent; 


Time 
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Flux 


Secondary 


we speak of first contact t; when the eclipse begins, 
second contact t) when brightness minimum is 
reached, third contact tz when the smaller star be- 
gins to leave the disk of the larger star, and fourth 
contact tg when the eclipse ends. Both primary and 
secondary minima are flat, and they occur exactly 
half an orbital period apart. If we denote the stellar 
radii by R, (larger star) and R, (smaller star) and 
the relative orbital speed of the smaller star by 2, 
the geometry implies 


2R, = (tz — ti) = v(t — ts) 
2(Rs + Ri) = v(t4 — th) 


(12-9a) 
(12-9b) 


However, the radius a of the relative circular orbit 
is 


a = vP/2r (12-10) 


where P is the orbital period. By combining Equa- 
tions 12-9 and 12-10, we can determine the stellar 
radii relative to the orbital radius only: 


R,/a = mtz — t)/P 
Ri/a = mtg — t)/P (12-11) 


We may also determine the ratio of the effec- 
tive surface temperatures of the two stars. Let these 
effective (blackbody) surface temperatures be de- 
noted by T; and T;. Surface brightness is equal to 
oTes¢* by the Stefan-Boltzmann law (Section 8-6); 
because the same stellar area (7R,”) is covered at 
each eclipse minimum, the relative depths of the 


Figure 12-10 Partial eclipses for an 
inclined circular orbit. The smaller 
star is assumed the hotter, and the 
eclipses occur one-half a _ period 
apart, but note that the light curve is 
not flat during the eclipses. 


Time 


two eclipse minima give us (T;/T;)* directly—the 
hotter star is eclipsed at primary minimum. 

When the eclipses are partial for a circular or- 
bit (Figure 12-10), both eclipses are still of equal 
duration (although briefer than for the central 
eclipse) and the brightness minima are not flat. Be- 
cause the two eclipses still occur exactly half an 
orbital period apart, we know that the orbit is cir- 
cular. In this case, it is possible to determine (1) the 
orbital inclination i, (2) the relative stellar radii 
R,/a and R;/a, and (3) the relative effective surface 
temperature T;/T;. 

For elliptical orbits, different times elapse from 
primary to secondary eclipse and from secondary 
to primary eclipse. Also, in general, the eclipse du- 
rations are not equal. These features permit us to 
determine the eccentricity e, orientation 0, and in- 
clination i of the orbit. 


@ Eclipsing-Spectroscopic Binaries 


We have seen that light curves yield only relative 
results. It is indeed fortunate that most eclipsing 
binaries are also spectroscopic binaries, for we may 
determine speeds in kilometers per second from 
their velocity curves. For Equations 12-9 and 
12-10, we find absolute values (in kilometers) for 
a, R,, and R;. Because the orbital inclination follows 
from the light curve, we can evaluate sin i and de- 
termine the stellar masses. By plotting these results, 
we obtain the mass-radius correlation for these 


stars (Figure 12-11A). Mean stellar densities (p) 
may then be computed by 


(p) = 3M/4aR3 


Knowing the stellar radii, we may find the ratio of 
stellar luminosities (from the effective temperature 
ratio) and the total luminosity of the system; the 
flux of the system then tells us the distance to the 
binary. Finally, we can infer the masses and lumi- 
nosities of each star (Figure 12-11B; see also Figure 
12-3). Table 12-1 summarizes the various data we 
can obtain from binary stars. 


Contact Binaries 


We can expand the idea of close binaries to that of 
contact binaries. Eclipsing systems with extremely 
short periods—only a few hours—are in physical 
contact. Their light curves show this interaction be- 
cause their maxima are rounded and their minima 
have almost the same depths. In such systems, the 
two stars share a common envelope of material, 
and both are severely distorted by tidal effects. 


M/M 


Figure 12-11 Information from binary stars. (A) Main- 
sequence mass-radius relationship; note that the more mas- 
sive stars are larger. (B) Mass-luminosity relationship for a 
variety of binaries whose distances are known. Filled circles 
are visual binaries (best data); the open circles represent vi- 
sual systems that have second-class data; crosses are eclips- 
ing binaries. Note the break in the slope at a mass a little less 


than that of the Sun. (W. D. Heintz) 
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We picture the interactions of these systems by 
considering the effective gravity at many points lo- 
cally. The effective gravity results from the combi- 
nation of the real gravitational attractions and the 
centripetal force from orbital motions. If you ex- 
plore the space around the stars, you will find a 
certain region, shaped like a figure 8, where the 
effective gravities of the two stars cancel (L; in Fig- 
ure 12-12A). Here the effective gravity is zero. 
Each half of the figure 8 indicates the regions con- 
trolled by the effective gravity of each star; these 
are called Roche lobes. 

We can now classify close binaries on the basis 
of how large each star is relative to its Roche lobe. 
If both stars are smaller than their Roche lobes, the 
system is detached (Figure 12-12A). If one fills its 
Roche lobe, the system is semidetached; matter can 
flow through the contact point L, to the other star 
(Figure 12-12B). The gas from the star that fills its 
Roche lobe (the donor star) is free to flow onto the 
other star (the recipient star). Finally, if both stars 
fill their Roche lobes, they are in contact, and a 
common envelope of material enshrouds them both 
(Figure 12-12C). 


Mpoi 
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12-5 

INTERFEROMETRIC STELLAR 
DIAMETERS AND EFFECTIVE 
TEMPERATURES 


Finally, we briefly mention methods for determin- 
ing stellar diameters that do not require a binary 


Stellar Data from Binary Systems 


TABLE 12-1 
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/ Roche Lobe 
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\ Roche Lobe 
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(A) (B) 


Mass-Transfer Stream 


system. Such methods are basically interferomet- 
ric; they depend upon the constructive and de- 
structive interference of the light waves from a star 
(Section 8-1). 

To see why such indirect procedures are nec- 
essary (except for our Sun), consider the following. 
At a distance of 1 pc, a star with a diameter of 


Common Envelope 


| 


~_— 


(C) 


Figure 12-12 Contact binaries. (A) A detached system, in which both stars are smaller 
than their Roche lobes. (B) In a semidetached system, one star fills its Roche lobe and 
mass flows to the companion. (C) Both stars fill their Roche lobes in a contact system, 
and they are surrounded by a common envelope of uniform temperature. 
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1AU (radius = 109Rq@) subtends an angle of 1.0” 
on the sky, but this angle is just the same as the 
size of the seeing image (as a result of the Earth’s 
turbulent atmosphere) seen at a telescope, so that 
the star’s size is unresolvable. Besides that, no star 
is as close as 1 pc. 

Within a band 10° wide centered on the eclip- 
tic, stars may be occulted by our Moon. In such a 
lunar occultation, the star does not disappear in- 
stantaneously; instead it fades away in a few sec- 
onds (Figure 12-13). Electromagnetic wavefronts 
from the star are progressively screened out as time 
goes on, but the unobstructed portions interfere 
(actually, diffract) to produce a characteristic inten- 
sity-versus-time pattern at the Earth. This pattern 
depends directly upon the angular size of the star; 
if we know the stellar distance, we can deduce the 
stellar diameter. Average errors are about 1 milli- 
arcsec (abbreviated mas) for angular sizes that 
range from 2 to 20 mas. 

In the 1920s, A.E. Michelson invented and used 
a stellar interferometer to measure the angular di- 
ameters of large nearby stars. In this device, widely 
separated (by many meters) mirrors reflect the star- 
light to an ordinary focusing telescope, where the 
wavefronts from different parts of the star produce 
a characteristic interference pattern (Figure 12-14). 


Milliarcsecs 


Relative Flux 


200 150 100 50 0 —50 —100 
Meters 
Figure 12-13 Occultation of a star by the Moon. As the 
limb of the Moon cuts in front of the star, a diffraction 
pattern appears before the light is completely cut out. 
The top scale is an angular one; the bottom, a linear one. 


7 Wavefront from Left 
Limb of Star 


Teleecope Wavefront from Right 


Limb of Star 
Figure 12-14 Schematic of a Michelson interferometer. 
The widely spaced mirrors send starlight into the tele- 
scope to produce the interference patterns. Light waves 
from opposite ends of a star arrive simultaneously, in- 
tersecting one another at angle ¢, which is the angular 
diameter of the star. 


This pattern depends upon the angle between the 
wavefronts from opposite limbs of the star; this in- 
tersection angle increases as the stellar angular di- 
ameter increases. (Modern versions of this tech- 
nique often use two telescopes rather than one, but 
the physical principles are the same.) So to find a 
star’s angular diameter, we use the simple small- 
angle approximation: 


a= D/d 


where a is in radians, D is the star’s physical di- 
ameter, and d is its distance (D and d are in the 
same units). Table 12-2 gives selected observations 
of a few bright stars. 

One star measured this way is Aldebaran (Al- 
pha Tauri). The results average about 21 mas for 
the angular diameter. The distance d of Aldebaran 
is 20.8 pc. Then 


D = ad 
with 21 X 1073 arcsec = 1.02 X 1077 rad, so that 


D = (1.02 X 1077)(20.8 pc) 
= 2.12 x 10-6 pe = 6.54 X 107km 


So Aldebaran’s radius is 3.27 X 10”km, about 50 
times larger than the Sun’s radius. 

Another type of interferometry, called speckle 
interferometry, exploits the unavoidable seeing ef- 
fects of the Earth’s atmosphere. The image of a star 
observed through a telescope and the atmosphere 
has a diffraction pattern that splits up into many 
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bright granules, or speckles, because of the random 
interference of light traveling through different at- 
mospheric cells. The result is different phases of the 
incoming waves. These are then averaged and the 
speckle pattern analyzed by Fourier techniques. 

Speckle interferometry offers a way to resolve 
the components in very close multiple star systems. 
For example, the star Betelgeuse (Alpha Orionis) 
was found to be a triple-star system by speckle ob- 
servations (Figure 12-15). This technique is espe- 
cially useful for spectroscopic binaries, where mea- 
surements of the radial velocity curve combined 
with the angular separation most directly deter- 
mine the stellar masses. 

We can now use the observed stellar angular 
sizes to find directly the effective temperatures of 
the star. Recall that Tag is a measure of the total 
energy integrated over all wavelengths radiated 
from a unit surface area. Its value is fixed by a 
star’s radius and luminosity. Direct determination 
of Ter¢ is thus possible from a value of a star’s an- 
gular diameter (radius) and flux (apparent magni- 
tude). With the Sun as the standard (Ter = 
5800 K, Myo. = 4.75, and BC = —0.07), then for 
another star 


log Test = 4.220 — 0.10(Vp + BC) — 0.5 log 1g 


where Vo is the (unreddened) apparent visual mag- 
nitude and 6,4 the limb-darkened angular diameter 
(in mas). A model of the stellar disk must be used 
to find 6g from the observed 6; this results in about 


a 1% uncertainty. In contrast, the typical measure- 
ment errors are 10%. Overall, the errors in Ter¢ are 
about 100 to 400 K, which pins down Ts pretty 
well so that they can be compared to those derived 
from stellar models. 


a OriB 
(FEB 1982) . 


CHROMOSPHERE 


Figure 12-15 Schematic view of Alpha Orionis A (Be- 
telgeuse) and its close companion, Alpha Orionis B, 
which orbits in a period of about 2.1 years within the 
chromosphere and dust envelope of Betelgeuse. The 
third star (component C) is about ten times farther away 
than B, and so outside this view. 


ey Eq ations & Concepts 


Kepler’s third law 


(My + Mp)P? = (a'/n")? 


Mass-luminosity relationship 


Above 0.43 Mo 
L/Lo = (M/Mo)*® 
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Below 0.43 Mo 
L/Lo = 0.23(M/Mo)?* 


Mass function for binaries 


{(M, m) = m? sin? i/(M + m)? = (1{)°/P? 


ps 


. From the information given in Section 12—2(A), show 
that Kepler’s harmonic law holds for the apparent 
orbit of a visual binary. 


. Demonstrate the correctness of Equation 12-2. Use a 
diagram if necessary. 


. What is the sum of the stellar masses in a visual bi- 
nary of period 40 years, maximum separation 5.0”, 
and parallax 0.3"? Assume an orbital inclination of 
zero and a circular apparent orbit. 


. Find the distance in parsecs to a visual binary that 
consists of stars of absolute bolometric magnitudes 
of +5.0 and +2.0. The mean angular separation is 
0.05”, and the observed orbital period is ten years. 
The stars obey the mass-luminosity relation, Equa- 
tions 12-5a, b, and c. What assumptions have you 
made to arrive at your answer? 


. Show that binary systems with small orbits have 
high orbital speeds. 


. The velocity curves of a double-line spectroscopic bi- 

nary are observed to be sinusoidal, with amplitudes 

of 20 and 60 km/s and a period of 15 years. 

(a) What is the orbital eccentricity? 

(b) Which star is the more massive, and what is the 
ratio of stellar masses? 

(c) If the orbital inclination is 90°, find the relative 
semimajor axis (in astronomical units) and the in- 
dividual stellar masses (in solar masses). 


. An eclipsing binary has an orbital period of 2422, 

the duration of each eclipse is 18, and totality lasts 

4h, 

(a) Find the stellar radii in terms of the circular or- 
bital radius a. 


8. 


10. 


11. 


(b) If spectroscopic data indicate a relative orbital 
speed of 200 km/s, what are the actual stellar ra- 
dii (in kilometers and solar radii)? 


The surface temperature of one component of an 

eclipsing binary is 15,000 K, and that of the other is 

5000 K. The cooler star is a giant with a radius four 

times that of the hotter star. 

(a) What is the ratio of the stellar luminosities? 

(b) Which star is eclipsed at primary minimum? 

(c) Is primary minimum a total or an annular 
eclipse? 

(d) Primary minimum is how many times deeper 
than secondary minimum (in energy units)? 


. The star Sirius A has a surface temperature of 10,000 


K, a radius of 1.8Ro, and Myo) = 1.4; the radius of 
its white dwarf companion, Sirius B, is 0.01Ro and 
Mbpo = 11.5. 

(a) What is the ratio of their luminosities? 

(b) What is the ratio of their effective temperatures? 

(c) If they orbit at i = 90°, which star is eclipsed at 
primary minimum? 

(d) If your photometer can measure magnitudes to 
an accuracy of ~0.001, would you be able to de- 
tect the hypothetical primary eclipse? [Hint: Use 
logio(1 + x) = x/2.3 for x < 1.] 


Derive an expression giving the stellar angular di- 
ameter in milliarcseconds when the actual stellar di- 
ameter (in solar radii) and distance from us (in par- 
secs) are known. 


Estimate the orbital separation and velocity for a bi- 
nary star system composed of solar mass stars that 
have an orbital period of 12 hours (assume circular 
orbits). 
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12. (a) Use the mass-luminosity relation to compute the 
luminosity range of stars from the observed mass 
range of 0.085 Mo to 100 Mo. 

(b) What is the mass of a star that is 0.1 the lumi- 
nosity of the Sun? What is the mass of a star that 
is 1000 times the luminosity of the Sun? 


13. (a) Refer to the light curve for the eclipsing binary 
star WY Cancri (Figure 12-8). What qualitative 
information can be deduced from a visual in- 
spection of the light curve? 

(b) If WY Cancri has a period of 19.9 hours, estimate 
the durations of primary and secondary eclipse 
(R,/a and R,/a). 


14. Consider a binary system with an orbital period of 
ten years. The stars have radial velocities of 10 and 


15. 


16. 


20 km/s. Find the individual masses of the stars if 
the orbital inclination is 

(a) 90° 

(b) 45° 


The star Vega has a measured angular diameter of 
3.24 mas and a flux of 2.84 X 1078 W/m. Its distance 
is 8.1 pc. What are Vega’s diameter and effective 
temperature? 


Consider a visual binary where the stars are 1” and 
2” from the center of mass. The distance is 10 pc, and 
the orbital period is ten years. If i = 90°, what are 
the masses? The luminosities? 


Stars: The 
Hertzsprung-Russell 
Diagram 


e infer the properties of stars from their 

light—in bulk for fluxes and spread out for 
spectra. This chapter deals with the wealth of in- 
formation from stellar spectra. First we consider 
stellar atmospheres, for here the stellar spectra 
originate. Then we tell the story of spectral obser- 
vations—how they have been made, correlated, 
and interpreted. Finally, we present that famous 
and crucial synthesis—the Hertzsprung-Russell di- 
agram—and some of its implications. This discus- 
sion will lead to an understanding of the stars 
themselves (Chapter 16). 


13-1 
STELLAR ATMOSPHERES 


The spectral energy distribution of starlight is de- 
termined in a star’s atmosphere, the region from 
which radiation can freely escape. To understand 
stellar spectra, we first discuss a model stellar at- 
mosphere and investigate the characteristics that 
determine the spectral features. 


Physical Characteristics 


The stellar photosphere, a thin, gaseous layer, 
shields the stellar interior from view. The photo- 
sphere is thin relative to the stellar radius, and so 


we regard it as a uniform shell of gas. The physical 
properties of this shell may be approximately spec- 
ified by the average values of its pressure P, tem- 
perature T, and chemical composition ws (chemical 
abundances). 

We make the reasonable assumption that the 
number density n (number/m?) of gas particles 
(molecules, atoms, ions, and electrons) is high 
enough so that thermodynamic equilibrium holds. 
This means that particles collide so frequently that 
both the Boltzmann and the Saha equations apply. 


251 


252 Chapter 13 


We also assume that the gas obeys the perfect-gas 
law: 


P = nkT (13-1) 


where k is Boltzmann’s constant. The particle num- 
ber density is related to both the mass density 
p (kg/m%) and the composition (or mean molecular 
weight) u by the following definition of yu: 


1/u = myn/p (13-2) 


where my = 1.67 X 10°” kg is the mass of a hy- 
drogen atom. For a star of pure atomic hydrogen, 
mw = 1. If the hydrogen is completely ionized, 
p = 1/2 because electrons and protons (hydrogen 
nuclei) are equal in number and electrons are far 
less massive than protons. In general, stellar inte- 
rior gases are ionized and 


1/u ~ 2X + B/4)Y + (1/2)Z ~ 1.6. 


where X is the mass fraction of hydrogen, Y is that 
of helium, and Z is that of all heavier elements. The 
mass fraction is the percentage by mass of one spe- 
cies relative to the total. 

We also assume a steady-state atmosphere: Al- 
though the individual gas particles move about 
rapidly, nothing changes with time on the macro- 
scopic scale (there are no mass motions). This im- 
plies hydrostatic equilibrium, wherein a typical vol- 
ume of gas experiences no net force. We have 
already derived this relationship in Chapter 4 and 
simply repeat the equation here: 


dP/dr = —(GM/R?)p = —gp 


where g is the gravitational acceleration (m/s*), or 
gravity, at the photosphere. Note that the pressure 
decreases continuously outward through the at- 
mosphere of a star. 

As we did in Section 4—5(B), define 


(13-3) 


H = kI/gm = constant 


as the scale height. Then, for a stellar atmosphere, 
we can also apply the barometric equation: 


P(h) = P(ho) exp(—h/H) 


where h is any height above a reference level ho. It 
applies to regions in stellar atmospheres where the 
temperature and mean molecular weight do not 
change rapidly. Recall that H has the units of 
length, and it is the distance to move up in the 
atmosphere for the pressure to decrease by 1/e. 
By parameterizing the pressure in terms of op- 
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tical depth 7 (Section 8-7) instead of radius 1, 


where dt = —xpadr (« is the atmospheric opacity in 
m”/kg), Equation 13-3 takes the useful form 
dP/dt = g/k (13-4) 


In our uniform approximation, then, we integrate 
Equation 13-4 to 


P = (g/k)t (13-5) 


so that the atmospheric gas pressure depends upon 
g and x. We take 7 = 1 as the atmospheric level 
where spectral features are formed because this 
opacity is the minimum needed for line formation. 
As for the Sun, this level defines the photosphere 
of a star. At tT = 1 (at 500 nm) in the Sun, the den- 
sity is about 10°->kg/m? and the pressure only 
1073 atm. 


@ Temperatures 


From the pressure and composition of the stellar 
atmosphere, we now turn to the temperature. We 
have already noted (Section 8—6) that the continu- 
ous spectrum, or continuum, from a star may be 
approximated by the Planck blackbody spectral-en- 
ergy distribution. For a given star,.the continuum 
defines a temperature by fitting the appropriate 
Planck curve. We can also define the temperature 
from Wien’s displacement law: 


Amaxl = 2.898 X 10-3m-K (13-6) 


which states that the peak intensity of the Planck 
curve occurs at a wavelength Ajax that varies in- 
versely with the Planck temperature T. The value 
of Amax then defines a temperature. Also note here 
that the hotter a star is, the greater will be its lu- 
minous flux (in W/m?), in accordance with the 
Stefan-Boltzmann law: 


F = oT4 (13-7) 


where o = 5.67 X 10-8 W/m? - K+. Then the rela- 
tion 


L = 4nR2oT aps! 


defines the effective temperature of the photo- 
sphere. 

A word of caution: The effective temperature 
of a star is usually not identical to its excitation or 
ionization temperature because spectral-line for- 
mation redistributes radiation from the continuum. 
This effect is called line blanketing and becomes 


important when the numbers and strengths of 
spectral lines are large. When spectral features are 
not numerous, we can detect the continuum be- 
tween them and obtain a reasonably accurate value 
for the star’s effective surface temperature. The line 
blanketing alters the atmosphere’s blackbody char- 
acter. 


Spectral-Line Formation 


Sections 8-2 and 8-3 describe how spectral absorp- 
tion features are formed when the molecules, at- 
oms, and ions of a gas absorb continuum photons 
and re-emit fewer of these photons toward the ob- 
server. The composition of the gas determines 
which species are available to absorb the photons, 
and the temperature and pressure determine which 
spectral features are formed. For example, molec- 
ular spectral features can originate only in a cool 
gas, for molecules are easily dissociated by colli- 
sions with other particles; neutral atoms and their 
spectral lines predominate at intermediate temper- 
atures; at high temperatures, all species are ionized 
so that only the spectral features arising from ions 
are seen. 

Before we take the plunge, we will review and 
elaborate on the astronomical concepts relevant to 
spectral lines. Let’s use an absorption line as an 
example (Figure 13-1). The central part of the line 
is called the core, which extends into the continuum 
and merges with it at some intensity level Icon, 
which is usually set equal to unity in relative units. 
These extended parts of the line are called the 
wings. The line has a measured intensity or depth 


Continuum Ie 


1.0 


Relative Flux 


0.0 
Wavelength 

Figure 13-1 Profile of spectral lines. Parameters that 

characterize an absorption line: continuum level, I, = 
1.0; depth at any wavelength is I(A). 
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Figure 13-2 Equivalent width of a spectral line, where 
the line width is “AA and the equivalent width W(). 


I(A) as a function of wavelength. The central depth 
is I,. Astronomers use the equivalent width EW(A) 
to define the depth and so the strength of the line 
in a consistent way (Figure 13-2): 


EW(A) = i Icon — HA) ay 
line eon 

where the integration actually takes place over a 
short interval in wavelength covered by the extent 
of the wings of the line. So the equivalent width 
typically has a very small value, usually given by 
astronomers in milliAngstroms (mA). The level to 
which EW(A) can be measured depends on the dis- 
persion of the spectrograph; at a dispersion of 
40 A/mm, we can typically measure EW(A) ~ 
0.1mA. Note that when we write about “line 
strengths,” we are really dealing with equivalent 
widths. 

Now let’s discuss spectral line formation on a 
more quantitative basis. Take a cubic meter of gas 
in which the number of particles of each elemental 
species is specified by the composition u. Now con- 
sider the particles of a particular element (such as 
hydrogen). Continuum photons at discrete wave- 
lengths are absorbed when the particles (neutral at- 
oms or ions) are excited from one atomic energy 
level to another—the equivalent width of each ab- 
sorption feature is essentially proportional to the 
number of particles populating a given energy 
level. The relative number of atoms in energy levels 
B (Ng) and A (Ng), where B > A, is determined by 
the Boltzmann excitation-equilibrium equation 
(Section 8-4): 


Np/Na & exp[(E4 — Eg)/kT] (13-8) 
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where E is the energy of the level and T is the gas 
temperature. At a given temperature, the higher 
levels are less populated than the lower levels, but 
the relative number of ions in a given ionization 
stage i (i = the number of electrons lost by an 
atom) is determined by both the temperature and 
the electron number density by the Saha ionization- 
equilibrium equation (Section 8-4): 


Nisi/N; & [(KT)*/7/Ne] exp(—xi/kT) (13-9) 


where yj; is the ionization potential from stage i to 
stage i + 1. 

To express Equations 13-8 and 13-9 in loga- 
rithmic form, we take the base-10 logarithm of both 
sides of each equation. Noting that logige = 
0.4343 and expressing T in kelvins and all energies 
in electron volts (eV), we have, from Equation 13-8, 


log (Ng/Na4) = (—5040/T)[E4 — Es] 


+ constant (13-10) 


and from Equation 13-9, 


log (Nia1/Ni) = (3/2) log T — (5040/T)x; — log Ne 
+ constant’ (13-11) 


In this way, the dependence upon each parameter 
is clear. Because the electrons also constitute a per- 
fect gas, we may write Equation 13-11 in terms of 
the electron pressure P, (where P, « N,T) as 


log (Ni+1/Ni) = (5/2) log T — (5040/T)y; 


— log P, + constant” (13-12) 


The Boltzmann and Saha equations must be com- 
bined to deduce the population of every energy 
level and thence the spectral-line strengths. Figure 
8-13 shows that the temperature behavior of the 
combination is the following. At low temperatures, 
the atoms are all neutral and in their ground states. 
As the temperature rises, the higher energy levels 
of the neutral atoms become more populated until 


T ~ Xo/k, when single ionization produces a sig- ° 


nificant number of ions (depleting the number of 
neutrals). At still higher temperatures, these ions 
predominate, but when T ~ y;,/k, double ioniza- 
tion (two electrons lost) becomes important. At the 
top of the ionization stages, the temperature is so 
high that only bare nuclei and free electrons re- 
main—the atoms are fully ionized—and no more 
spectral-line absorption can take place. You should 
remember that this sequence depends strongly 
upon the exact energy-level structure of each 
atomic species, so that the spectral features pro- 
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duced at any temperature uniquely characterize the 
species. 

The following conceptual flow chart expresses 
the spectral-line behavior to be expected of a given 
stellar atmosphere. Denoting the strength of a spec- 
tral feature by its equivalent width EW, we have 
the functional dependence 


EW = EW(n,T) 


because the rate of absorption is determined by the 
number density n of atoms and the intensity of the 
continuum, which relates to the temperature T. 
However, the equation of state of the gas (Equation 
13-1) and the composition of the gas (Equation 13- 
2) imply that 


n = n(P, T, ») 


Hydrostatic equilibrium (Equations 13-3 and 13-4) 
determines the pressure 


= P(M, R, k) 


The opacity « is clearly a function of number den- 
sity, gas composition, and ionization—excitation 
state determined by T: 


x = k(n, T, p) 


while the star’s luminosity L depends upon its tem- 
perature and radius through the relationship 


L = 4nR2oT4 (13-13) 


If we combine the dependences of these five equa- 
tions, then in general 


EW = EW(L, T, M, ) (13-14) 


For stars of a given composition, Equation 13-14 
reduces to 


EW = EW(L, T, M) (13-15) 


and if we consider, for example, only stars with a 
unique mass-luminosity relation, we have 


EW = EW(L,T) (13-16) 


Equation 13-16 is the theoretical justification for 
seeking temperature sequences and two-dimen- 
sional Hertzsprung-Russell diagrams in the re- 
mainder of this chapter: Equation 13-14 covers 
those cases in which stellar luminosity is not re- 
lated to stellar mass and those in which composi- 
tional differences are important. We note, however, 
that Hertzsprung-Russell diagrams were first ar- 


rived at observationally; the theoretical under- 
standing came later. 


13-2 
CLASSIFYING STELLAR SPECTRA 
Observations 


A single stellar spectrum is produced when star- 
light is focused by a telescope onto a spectrometer 
or spectrograph, where it is dispersed (spread out) 
in wavelength and recorded photographically or 
electronically. If the star is bright, we may obtain 
a high-dispersion spectrum, that is, a few milli- 
Angstroms per millimeter on the spectrogram, be- 
cause there is enough radiation to be spread 
broadly and thinly (the solar spectrum of Figure 
13-3 is a good example). At high dispersion, a 
wealth of detail appears in the spectrum, but the 
method is slow (only one stellar spectrum at a 
time) and limited to fairly bright stars. Dispersion 
is the key to unlocking the information in starlight. 


390.0nm 
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@ The Spectral-Line Sequence 


At first glance, the spectra of different stars seem 
to bear no relationship to one another. In 1863, 
however, Angelo Secchi found that he could 
crudely order the spectra and define different spec- 
tral types. Alternative ordering schemes appeared 
in the ensuing years, but the system developed at 
the Harvard Observatory by Annie J. Cannon and 
her colleagues was internationally adopted in 1910. 
This sequence, the Harvard spectral classification 
system, is still used today. (About 400,000 stars 
were classified by Cannon and published in vari- 
ous volumes of the Henry Draper Catalogue, 1910- 
1924, and its Extension, 1949. The catalog is now 
being reobserved for up-dated classifications by as- 
tronomers at the University of Michigan, headed 
by Nancy Houk.) 

At first, the Harvard scheme was based upon 
the strengths of the hydrogen Balmer absorption 
lines in stellar spectra, and the spectral ordering 
was alphabetical (A through P). The A stars had 
the strongest Balmer lines, and the P stars had the 


400.0nm 


400.0nm 


410.0nm 


Figure 13-3 A solar spectrum. This high-dispersion spectrum (0.5 A/mm) shows a 
wealth of detail over this range of just 20nm (200 A). The bright lines above and below 
the absorption-line spectrum are used for wavelength calibration. (Mount Wilson Obser- 
vatory, Carnegie Institute of Technology) 
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Figure 13-4 Stellar spectra. These negative prints (absorption lines appear white; con- 
tinuum dark) show fine detail better than positive ones. The strongest lines are indicated; 
wavelengths are given in Angstroms. (A) Harvard spectral sequence. Main-sequence stars 
show representative spectra for each spectral type. Star names are on the right. (National 
Optical Astronomy Observatories) (B) Subdivisions for the F stars. Star names are on the 
left. (From An Atlas of Objective-Prism Spectra by N. Houk, N.J. Irvine, and D. Rosenbush) 


weakest. Some letters were eventually dropped, 
and the ordering was rearranged to correspond to 
a sequence of decreasing temperatures (recall the 
effects of the Boltzmann and Saha equations): 
OBAFGKM. Stars nearer the beginning of the spec- 
tral sequence (closer to O) are sometimes called 
early-type stars, and those closer to the M end are 
referred to as late-type. Each spectral type is divided 
into ten parts from 0 (early) to 9 (late); for example, 
...F8 F9 GO G1 G2...G9KO... . In this scheme, 
our Sun is spectral type G2. In 1922, the Interna- 
tional Astronomical Union ([AU) adopted the Har- 
vard system (with some modifications) as the in- 
ternational standard. 

Many mnemonics have been devised to help 
students retain the spectral sequence. We urge you 
to devise your own. A variation of the traditional 
one is “Oh, Be a Fine Guy, Kiss Me.” Our students 


have come up with others, including such master- 
ful phrases as “Only Bold Astronomers Forge Great 
Knowledgeable Minds” and “Optical Binary Af- 
fairs Fundamentally Generate Keplerian Marriages.” 

Figure 13-4A shows exemplary stellar spectra 
arranged in order; note how the conspicuous spec- 
tral features strengthen and diminish in a charac- 
teristic way through the spectral types. Figure 
13-4B shows the subdivisions for the F spectral 
type. Table 13-1 summarizes those spectral char- 
acteristics that define each spectral type. To see 
such details more clearly, examine the spectra in 
Figure 13-5. In general, this classification scheme 
relies on three basic criteria to subdivide the stellar 
spectra: (1) the absence of lines, (2) the strengths 
(equivalent widths) of lines, and (3) the ratios of 
line strengths (such as Ca II K-lines compared to 
those of the Balmer series). 
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Figure 13-5 Spectrophotometric observations of three 
stars with spectral types shown in Figure 13-4. Note the 
calibrated flux units. Spectral resolution was 4.5 A. The 
strongest absorption lines are those of the hydrogen Bal- 
mer series. The star’s Henry Draper number is given. (A) 
BO star. (B) F star. (C) GO star. (From A Display Atlas of 
Stellar Spectra by B. Margon) 


The Temperature Sequence 


The spectral sequence is a temperature sequence, 
but we must carefully qualify this statement. There 
are many different kinds of temperatures, and 
many ways to determine them. In Figure 13-6, the 
strengths of various spectral features are plotted 
against excitation-ionization (or Boltzmann-Saha) 
temperature; the spectral sequence does correlate 
with this temperature. 

Theoretically, the temperature should correlate 
with spectral type and so with the star’s color. 
From the spectra of intermediate-type stars (A to 
Kk), we find that the (continuum) color temperature 
does so, but difficulties occur at both ends of the 
sequence. For O and B stars, the continuum peaks 
in the far ultraviolet, where it is undetectable by 
ground-based observations. Through satellite ob- 
servations in the far ultraviolet, we are beginning 
to understand the ultraviolet spectra of O and B 
stars. For the cool M stars, not only does the Planck 
curve peak in the infrared, but numerous molecu- 
lar bands also blanket the spectra of these low-tem- 
perature stars. 

In practice, we measure a star’s color index, 
CI = B — V, to determine the effective stellar tem- 
perature [(Section 11-4(B)]. If the stellar continuum 
is Planckian and contains no spectral lines, this pro- 
cedure clearly gives a unique temperature, but ob- 
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The Harvard Spectral Sequence 


Temperature (K) 
50,000 25,000 10,000 8000 6000 5000 4000 3000 


Figure 13-6 Absorption lines and 
temperature. The strengths (equiva- 
lent widths) of the absorption lines 
for various ionic species are shown 
as a function of stellar temperature. 
These changes result in ionization— 
excitation equilibria as described by 
Specie ype the Boltzmann-Saha equation. 


servational uncertainties and physical effects do 
lead to problems: (a) for the very hot O and B stars, 
CI varies slowly with T.¢¢ and small uncertainties 
in its value lead to very large uncertainties in T; (b) 
for the very cool M stars, CI is large and positive, 
but these faint stars have not been adequately ob- 
served and so CI is not well determined for them; 
(c) any instrumental deficiencies, calibration errors, 
or unknown blanketing in the B or V bands affect 
the value of CIl—and thus the deduced T. Hence, 
it is best to define the CI versus T relation obser- 
vationally (next section). 
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13-3 
HERTZSPRUNG-RUSSELL DIAGRAMS 


Examine Figure 13-7. In 1911, Ejnar Hertzsprung 
plotted the first such two-dimensional diagram (ab- 
solute magnitude versus spectral type) for ob- 
served stars, followed (independently) in 1913 by 
Henry Norris Russell; today, this plot is called a 
Hertzsprung-Russell (H-R) diagram. As will soon 
become clear to you, the Hertzsprung-Russell dia- 
gram represents one of the great observational syn- 
theses in astrophysics. Note that any two of lumi- 
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Figure 13-7 Hertzsprung-Russell diagrams. (A) For stars 
within 5 pc of the Sun. Note that most are low-luminosity, 
cool stars. (B) For the brightest stars in the sky. These tend 
to be very luminous stars. 
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nosity, magnitude, temperature, and radius could 
be used, but visual magnitude and temperature are 
universally obtained quantities for stars. 


Magnitude Versus Spectral Type 


The first H-R diagrams considered stars in the solar 
neighborhood and plotted absolute visual magni- 
tude versus spectral type, which is equivalent to 
luminosity versus spectral type or luminosity ver- 
sus temperature. Figure 13-7A shows this type of 
plot for the stars with well-determined distances 
within about 5 pc of the Sun. Note the well-defined 
main sequence with ever-increasing numbers of 
stars toward later spectral types and an absence of 
spectral classes earlier than A1 (Sirius). 

In contrast, the H-R diagram for the brightest 
stars includes a significant number of giants and 
supergiants as well as several early-type main-se- 
quence stars (Figure 13—-7B). Here we have made a 
selection that emphasizes very luminous stars at 
distances far from the Sun. Note that the H-R dia- 
gram of the nearest stars is most representative of 
those throughout the Galaxy: the most common 
stars are low-luminosity spectral type M. 

Finally, Figure 13-8 presents H-R diagrams (as 
well as numbers sampled at each spectral type) for 
selected samples of stars from the Michigan Spectral 
Catalog stars. Note that the low-luminosity stars 
bias the results for samples of nearby stars; these 
cannot provide the correct relative numbers in 
general. 


@ Magnitude Versus Color 


Because stellar colors and spectral types are 
roughly correlated, we may construct a plot of ab- 
solute magnitude versus color—called a color- 
magnitude diagram. The relative ease with which 
color indices (such as B — V) may be determined 
for vast numbers of stars dictates the popularity of 
color-magnitude plots. The resulting diagrams are 
very similar to the magnitude-spectral type H-R di- 
agrams considered previously. Let’s see what in- 
formation we can glean from them. 


Metal Abundances and Stellar 
Populations 


There are two extreme stellar populations: the 
young, metal-rich Population I and the old, metal- 
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poor Population II. How has this been determined? 
Consider a stellar cluster that, either by its appear- 
ance or by the common motion through space of 
its member stars, is known to be a self-gravitating 
group of stars formed at about the same time. In 
addition, the distance to every cluster member is 
about the same, so that a plot of apparent magni- 
tude versus color is an H-R diagram. Figure 13-9 
shows such a color-magnitude diagram for the Ple- 
iades, a young open (or galactic) cluster in the con- 
stellation Taurus. Notice (a) the well-defined main 
sequence, (b) the absence of giants (luminosity 
classes II to III), and (c) the curving up of the early 
end of the main sequence. The stellar spectra ex- 
hibit high metal abundance (Z ~ 0.01)—they are 
Population I. 

Our Galaxy contains many globular clusters, 
which are extremely compact diameters ~ 30 pc) 
and spherically symmetric balls of old (12 to 15 
billion years) stars (up to 500,000 stars in some). 
These clusters are found at great distances from the 
central plane of our Galaxy. Figure 13-10 is the 
color-magnitude diagram of the globular cluster 
M3 (the third object listed in Charles Messier’s cat- 
alog of the year 1781). The stellar spectra reveal a 
very low metal abundance (Z = 0.001), and so we 
assign the stars to Population II. Notice the main 
sequence running from B — V = 0.8 up to the 
turnoff at B — V ~ OA, the heavily populated gi- 
ant branch, and the high-luminosity branch run- 
ning toward the left. 

So we have two well-defined stellar popula- 
tions exemplified by these clusters. Population I 
stars (open clusters) have a much higher metal 
abundance (factor ~ 100) than do Population II 
stars (globular clusters). As discussed in Chapter 
16, the color-magnitude diagram can be under- 
stood in terms of stellar evolution in the solar 
neighborhood: the main sequence represents young 
(Population I) stars; the giants are older, more- 
evolved stars (Populations I and II); and the white 
dwarfs are stars at the end point of stellar evo- 
lution. Note that Population II is associated with 
old stars. 


® Luminosity Classifications 


So far, we have been discussing one-dimensional 
temperature sequences. As shown in Section 13-1, 
this description can represent stars only if they all 
have the same mass, radius, and composition. 
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Figure 13-8 Hertzsprung-Russell diagrams from the 
Michigan Spectral Catalog. The size of the symbol repre- 
sents the number of stars of that spectral type. (A) Stars 
within 25 pc. (B) Stars within 100 pc. (C) A sample of 
36,000 stars. (N. Houk) 
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Figure 13-10 Color-magnitude diagram for a typical 


globular cluster. Note the many red giants. (A.R. San- 
dage and H.L. Johnson) 
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Chapter 11, however, shows that stars at a given 
temperature clearly differ in their luminosities, and 
so a two-dimensional (L, T) representation is abso- 
lutely necessary (Equation 13-16). Over 90% of the 
stars in the solar neighborhood do define a single 
band—the main sequence—on such an (L, T) plot, 
but many stars do not reside on the main sequence. 
What other physical parameter determines a star’s 
location on the H-R diagram? 

As early as 1897, Antonia Maury at Harvard 
recognized distinctly different spectra for stars of a 
given color temperature; certain spectral features 
were successively sharper (that is, narrower) than 
for main-sequence stars. In 1905-1907, Hertz- 
sprung confirmed that the narrow-line stars are 
much more luminous than the corresponding 
main-sequence stars. Between 1914 and 1935, the 
Mount Wilson luminosity classification appeared. 
This scheme, originated by W.S. Adams and A. 
Kohlschutter, orders stellar spectra (of the same 
ionization or excitation temperature!) according to 
the strengths or weaknesses of certain spectral fea- 
tures. After 1937, W.W. Morgan and P.C. Keenan 
at Yerkes Observatory introduced the currently 
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The Morgan-Keenan 
Luminosity Classes 


Class Subclasses* Name 

I Ta, Iab, Ib Supergiant 
II IIa, ab, IIb Bright giant 
Ill IIIa, Ilab, IIIb Giant 
IV IVa, IVab, IVb Subgiant 

Vv Va, Vab, Vb Dwarft 
VI VI Subdwarf 


*In a given spectral type, luminosity decreases along the sequence a, 
ab, b. 


tThese are the main-sequence stars. 


The Morgan-Keenan 
Luminosity Criteria 


Spectral 
Type Spectral Criteria* 
O No criteria earlier than O9; near O9, 


ratio of equivalent widths of lines of 
He I, He II, C III, O III, and Si IV 

B Ratios of lines of He I, N II, and Si III— 
especially near B2; after B3, 
absorption line strengths of hydrogen 
Balmer lines, especially H65 and HA 

A Until A3, same Balmer strengths; after 
A2, ratios of lines of Fe II, Mg II, and 
Ti II For late-type A, three O I lines 
in the infrared (A = 777.1 to 777.5 
nm) 

F Balmer hydrogen strengths ineffective 
after F5; ratios of lines of hydrogen 
Balmer, Fe I, and Ca I around F5; in 
general, line-strength ratios of 
hydrogen Balmer to Sr II lines 

G and Strength of molecular G band of CH; 

K enhancement of Hé and Hj; relative 
line intensities of Sr II and Fe I lines; 
strong blue molecular band of CN 
and its other absorption bands; line 
ratios of Fe I, Fe II, Mn I, Ca I 


M Line ratios of Fe I, Cr I, H6, Sr II, and Y 
II; also Fe II, Ni I, Ti I, K I, and Ca I; 
infrared CN bands 


*The luminosity classes are discerned by studying these spectral 
features, which depend upon temperature and hence upon spectral 
type. 
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used M-K luminosity classification scheme, which 
defines six stellar luminosity classes and their sub- 
classes directly in terms of observational criteria. 
Let’s describe the M-K scheme (sometimes called 
the Yerkes system) in detail. 

Before we do so, let’s look at the philosophy 
behind the M-K system and its limitations. Morgan 
and Keenan tried to devise an empirical system 
based only on the observable features in stellar 
spectra. They applied their classification to a ho- 
mogeneous group of stars and did so through a 
group of standards to which other stellar spectra- 
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Figure 13-11 Stellar luminosity classes. (A) Luminosity 
classes as indicated by differences in spectral line inten- 
sities for spectral type F2. Again, these are negative 
prints; wavelengths are in Angstroms. (From A Second 
Atlas of Objective Prism Spectra by N. Houk and M.V. 
Newberry) (B) The location of the Morgan-Keenan lumi- 
nosity classes on an H-R diagram. 


could be carefully compared. These standards seem 
to fall into natural groupings. In general, the M-K 
scheme works best for Population I stars in the so- 
lar neighborhood. For other kinds of stars (and for 
wavelengths outside the visible region of the spec- 
trum), new classification systems will have to be 
developed. That can be done by using the same 
process underlying the M-K system but applying 
them to different stars as standards, different wave- 
length regimes, and different spectral resolutions. 

Six M-K luminosity classes are differentiated, 
with finer subdivisions sometimes indicated, as il- 
lustrated in Tables 13-2 and 13-3; see also Figure 
13-11A. If we make a two-dimensional plot of ab- 
solute visual magnitude My versus spectral type, 
these classes appear as line segments (Figure 13- 
11B). In this scheme, our Sun is a G2 V star (that 
is, yellowish main-sequence), and its radius is 
much smaller than those of the giants (II to IV) of 
spectral type G2. Typical designations are B1 III 
(Beta Centauri), A3 V (Fomalhaut), FO IB (Cano- 
pus), K1 IVa (37 Librae), and M5 V (Barnard’s Star). 
Note that the subdivision notations are rarely used. 

Figure 13-11B is an absolute magnitude-spec- 
tral type Hertzsprung-Russell diagram. Let’s con- 
centrate on the physical interpretation of the dif- 
ferent luminosity classes. For a given spectral type, 
the equivalent terminology luminosity effect, sur- 
face gravity effect, or pressure effect distinguishes 
the luminosity classes. 

Because spectral type corresponds to tempera- 
ture, Equation 13-13 tells us that classes I to IV 
represent stars with radii much larger than those 
of main-sequence stars. For example, a G2 super- 
giant is about 125 magnitudes brighter than our 
Sun; this then implies a luminosity ratio of 10°, or 
a supergiant radius of about 300Ro! Because stellar 
masses don’t exceed 100Mo, this supergiant is 
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about 10° times less dense than our Sun, on the 
average. From Equation 13-3, we see that the sur- 
face gravity of the supergiant is about 10-4 go so 
that (by Equation 13-5) the photospheric gas pres- 
sure and electron number densities are also about 
10,000 times lower than in the Sun’s photosphere. 
Hence, the spectral features of the supergiant are 
different from those of the Sun—in accordance 
with the Saha equation—even though both stars 
are essentially at the same temperature. The pres- 
sure effect is somewhat less important than the 
temperature effect for it appears in the equation 
only linearly, whereas the temperature enters ex- 
ponentially. A giant will exhibit almost the same 
spectrum as does a main-sequence star of the same 
spectral type, as long as the giant’s surface tem- 
perature is lowered slightly to compensate for its 
lower electron density (by the Saha equation, the 
ratio N;4,/N; will remain the same if both N, and 
T decrease appropriately). Even in this case, how- 
ever, the spectral lines of the giant will be sharper 
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than those of the main-sequence star because the 
giant’s features suffer much less pressure broad- 
ening (Section 8-5). 

To give you some idea of the observed char- 
acteristics of stars of different luminosity classes, 
we present the following data in Table A4-3: ab- 
solute visual magnitudes, color indices, effective 
surface temperatures, bolometric corrections, stel- 
lar radii, and stellar masses. 


Color—Color Diagrams 


Astronomers use a variation of the color-magni- 
tude diagram in which one color index (such as 
U — B) is plotted against another (such as B — 
V). Such plots are called color-color diagrams (Fig- 
ure 13-12), in which the two parameters of mag- 
nitude and luminosity are displayed in a different 
way. (Remember that an astronomical color is ac- 
tually the ratio of fluxes at two wavelengths.) 


Figure 13-12 A color-color diagram of 
U — B against B — V for main-sequence 
stars (solid curve) and supergiants (dashed 
curve); spectral classes are indicated along 
each curve. Line BB indicates the colors for 
pure blackbody radiators. 


2.0 


If stars radiated exactly as blackbodies, then 
they would fall along a well-defined straight line 
in a color-color diagram (such as line BB in Figure 
13-12). But stellar atmospheres do not radiate as 
blackbodies; this fact shows up when the actual 
stellar colors are plotted in a color-color diagram 
(see the solid line in Figure 13-12 for luminosity 
class V and the dashed line for luminosity class I). 
Note the hook in the color-color main-sequence 
curve between spectral types A5 to GO; it is caused 
by the nonlinear variation of the Balmer disconti- 
nuity with temperature. The Balmer discontinuity 
falls right into the bandpass of the U filter and so 
greatly affects the flux measured through it (Figure 
13-13). 
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Figure 13-13 Profiles of the spectra of various classes 
of main-sequence stars compared to the UBV band- 
passes. Note that the Balmer discontinuity falls in the U 
but not the other filters. This nonlinear effect causes the 
sharp bend in color-color plots. (Adapted from a diagram 
by A. Henden and R. Kaitchuck) 
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Elemental Abundance Effects 


You may have noticed that we have not yet con- 
sidered the effects of stellar chemical composition 
upon spectral classification. The reason for this is 
simple. The vast majority of the stars in the solar 
neighborhood have the same composition: X ~ 
0.70, Y ~ 0.28, Z ~ 0.02 (high metal abundance by 
mass). They belong to the so-called Population I 
[Section 13-3(C)]. Let us now consider those rare 
cases of Population I where elemental abundance 
effects do appear in the spectra. 


Wolf-Rayet Stars In 1867, C. Wolf and G. Rayet dis- 
covered three O stars with anomalously strong and 
wide emission lines. Today, only about 200 of these 
hot (up to 10° K), luminous (absolute magnitudes 
from —4.5 to —6.5) stars are known—the so-called 
Wolf-Rayet stars. As you will see in Chapter 17, 
the exceedingly wide (a few nanometers) emission 
features of ionized He, C, N, and O seen in the 
spectra of these stars arise in an atmospheric en- 
velope expanding from the star at about 2000 
km/s. Two abundance branches are distinguished: 
(a) the WC stars, with an apparent overabundance 
of carbon (spectral features of carbon and oxygen, 
up to C IV and O VI, are prominent), and (b) the 
WN stars, with an apparent excess of nitrogen (N 
III to N V lines dominate). 


Hot Emission-Line Stars In spectral types O, B, and 
A, we find the Of, Be, and Ae stars, with bright 
emission lines of hydrogen. Similar to the Wolf- 
Rayet stars, these stars are thought to be slowly 
losing mass in the form of expanding atmospheric 
envelopes (where the emission lines arise). 


Peculiar A Stars In the spectra of peculiar A, or Ap, 
stars, the lines of ionized Si, Cr, Sr, and Eu are se- 
lectively enhanced. In many cases, this enhance- 
ment is time-varying (the so-called spectrum vari- 
ables), and it appears to be associated with strong 
magnetic fields (~1 T) at the stellar surface. 


Carbon Stars Mixed in with ordinary G, K, and M 
stars (a temperature range from 4600 to 3100 K), we 
find the carbon, or CG, stars, giants that appear to 
be overabundant in carbon relative to oxygen. In 
the early Harvard classification, these were divided 
into (a) the hotter R stars, distinguished by the 
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bands of C2 and the bands of cyanogen (CN) and 
(b) the cooler N stars, exhibiting C,, CN, and CH 
bands with little TiO evident. 


Heavy-Metal-Oxide Stars Finally, among the M 
stars we find a significant number of S stars, also 
known to be giants. These stars are distinguished 
spectroscopically by their enhanced CN absorption 
bands but more importantly by the presence of the 
molecular bands of the heavy-metal oxides ZrO, 
LaO, and YO instead of TiO. 
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(B) 
Figure 13-14 Distances from spectral types. (A) Esti- 
mating luminosity from a calibrated H-R diagram. (B) 
Matching the main sequence for a cluster whose distance 
is not known to that of a calibrated H-R diagram. 


Stars: The Hertzsprung-Russell Diagram 


Distance Determinations 


We end by discussing two methods by which rea- 
sonably accurate stellar distances may be deter- 
mined using H-R diagrams. Both methods depend 
upon an accurate calibration of the absolute-mag- 
nitude H-R diagram. [The moving-cluster method 
(Section 15-3) gives the best calibration.] 

For individual stars (or clusters in which only 
one star is observed thoroughly), we employ the 
method of spectroscopic parallaxes (Figure 
13-14A). From a star’s spectrum, we determine 
both its spectral type and its luminosity class. 
These data fix a position in the H-R diagram, from 
which we can read off the star’s absolute magni- 
tude. From the observed apparent magnitude, we 
compute the distance modulus (Equation 11-6) and 
then the stellar distance. Observational errors and 
the scatter of the H-R diagram imply a magnitude 
uncertainty of about +1.0, so that the distance is 
known to within 50%. Spectroscopic parallaxes per- 
mit us to probe the vast distances of our Galaxy as 
well as nearby galaxies. 

Greater accuracy in distance determination is 
possible by using the main-sequence fitting tech- 
nique for an entire cluster of stars. Here we plot the 
color-apparent magnitude diagram of the test clus- 
ter and shift this plot up and down (in magnitude) 
on a calibrated H-R diagram until the two main 
sequences overlap at the same spectral types (Fig- 
ure 13-14B). Note that the spectral types (or colors) 
of both plots must line up. The difference between 
the test-cluster apparent magnitudes and the cali- 
brated absolute magnitudes (m — M) is the same 
for every star in the cluster; this number is the dis- 
tance modulus of the test cluster. 


f Concept Application | Application 


Spectroscopic Parallaxes 


Consider an MO III star with a measured appa- 
rent visual magnitude of +10. What is its dis- 
tance? From Figure 13-8 note that the absolute 
visual magnitude of such a star is roughly 0. Then 


m — M = 5logd —- 5 
10 — 0 = 5logd — 5 
logd = 15/5 = 3 
d = 10° pc 


Now to apply the same concept to cluster main se- 
quences. In Figure 13-14B, m — M is 5.5, and so 


m — M = 5logd — 5 
5.5 = 5logd — 5 
2.1 = logd 
d = 126pc = 410 ly 


By using many stars, we can cancel out random 
errors and achieve good accuracy (+0.2) in deter- 
mining the distance modulus. 


X-Ray Emission 


In Chapter 10, you saw that X-ray emission from 
the Sun comes from hot plasma trapped in coronal 
loops of magnetic flux. The solar dynamo that gen- 
erates the magnetic field is thought to arise from a 
complex combination of convection and differential 
rotation. The interaction of surface magnetic fields 
and the local plasma governs solar coronal activity. 
We expect the same for other stars; X-ray obser- 
vations confounded this expectation. Almost all 
stars emit X-rays, and most far more energetically 
than the Sun (Figure 13-15). 

Specifically, the X-ray data imply that all main- 
sequence stars of spectral types F through M emit 
X-rays with powers ranging from 107° to 105 W. 
All stars of spectral type earlier than B5 also emit 
X-rays, with energy outputs that range from 107% 
to 1028 W. In fact, for main-sequence stars, only the 
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Figure 13-15 Regions (shaded areas) on the H-R dia- 
gram of stars that are X-ray emitters. (A. Dupree) 


narrow range from B8 to A5 shows no evidence for 
X-ray emission. Finally, most giant and supergiant 
stars emit X-rays. Those giants that do not range 
from spectral type A to G; the supergiants that do 
not are cooler than type G. 

These results suggest that almost all stars have 
hot coronae controlled by large and numerous 
magnetic flux tubes. For cool stars that means con- 
vective zones and differential rotation. For hot 
stars, the physics is not yet clear; it may relate to 
vigorous stellar winds. 


| Key Equatigns & Concepts | Equations & Concepts 


Mean molecular weight 


1/u = myn/p 


Barometric equation 


P(h) = P(ho) exp(—h/H) 


Blackbody relations (approximations for stars) 
Amaxl = 2.898 x 103m: K 
F = oT4 
L = 47R2o0Tep 4 


Equivalent width (of a spectral line) 


EW(A) = [ ‘eon = I(A) dr 
line con 


Boltzmann and Saha equations 


log (Nia /N;) = (3/2) log Ta (5040/T)x; 
— log N, + constant 
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1. The absorption spectra of four stars exhibit the fol- 7. Why is an absolute magnitude-spectral type H-R di- 
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lowing characteristics. What are the appropriate 

spectral types? 

(a) The strongest features are titanium oxide bands. 

(b) The strongest lines are those of ionized helium. 

(c) The hydrogen Balmer lines are very strong, and 
some lines of ionized metals are present. 

(d) There are moderately strong hydrogen lines, and 
lines of neutral and ionized metals are seen, but 
the Ca II, H, and K lines are the strongest in the 
spectrum. 


. To which spectral types may the following stars be 
approximately assigned if their continuous spectra are 
of maximum intensity at 


(a) 50 nm (d) 900 nm 
(b) 300 nm (e) 12 um 
(c) 600 nm (f) 15 wm 


(Hint: Plot Amax from Wien’s law as a function of 
spectral class for the main sequence.) 


. If the parallax of a main-sequence star is in error by 
25%, how far and in what direction will this star be 
displaced from the main sequence in an H-R dia- 
gram? 


. Which parameter in the Saha ionization-equilibrium 
equation is most important in explaining the spectral 
differences between 

(a) giants and dwarfs of spectral type G 

(b) B and A dwarfs 


. (a) What is the ratio of the surface gravities of a KO 
V star and a KOI star? 

(b) If both stars had the same atmospheric temper- 
atures and opacities, what would be the approx- 
imate ratio of strengths of the Ca II K lines in 
their spectra? (The ionization potential of calcium 
is 6.1 eV.) 

(c) What assumptions did you make to answer part 
(b)? 

(d) What is the ratio of the mean densities of these 
two stars? 

(e) If the atmospheric electron densities of these stars 
were directly proportional to their mean densi- 
ties, would your answer to (b) remain un- 
changed? Why? 


. Why is the H-R diagram of stars in the solar neigh- 
borhood (within 500 pc) not an unambiguous two- 
dimensional plot? 


10. 


11. 


12. 


13. 


14. 


15. 


agram quite different (in principle) from an apparent 
magnitude-(B — V) H-R diagram? 


. In determining distances via the main-sequence fit- 


ting technique, why must we refrain from comparing 
the observed H-R diagram of a galactic cluster with 
the “calibrated” H=K diagram of M3? 


. (a) It is sometimes said that the spectral type of a 


star depends only upon luminosity and surface 
temperature. Under what conditions is this state- 
ment approximately true? 

(b) Give three generic examples that violate the state- 
ment that stellar masses are uniquely determined 
by their colors. 


In Section 13-1(A), we wrote the mean molecular 
weight yw for a fully ionized gas as 1/u = 2X + 
(3/4)Y + (1/2)Z, where, for example, 


x 


hydrogen mass fraction 
mass density of hydrogen/mass density 


of all constituents 


Derive this relationship for yu, indicating the assump- 
tions and approximations used at each step. 


The number 5040 appears in Equations 13-10 and 

13-11. 

(a) Show where this number comes from (how it is 
derived). 

(b) What are the units of this number in these 
equations? 


Use hydrostatic equilibrium to compare the central 
pressure of the Sun and 

(a) a BO V star 

(b) a G2 III star 

(c) a G2I star 


Using Figures 13-8 and 13-11, estimate the distance 
to an M Ib star of apparent magnitude +1.0. 


Estimate the distances to the following clusters from 
their color magnitude figures (use Table A4—3 to con- 
vert B — V to spectral type): 

(a) the Pleiades (Figure 13-9) 

(b) M3 (Figure 13-10) 


Estimate the radii of both a main-sequence M star 
(M V) and a red supergiant (M I) using information 
from the H-R diagrams in the text. 


16. Using the H-R diagram in Figure 13-7 and the rela- 


tionship between temperature and spectral type in 
Figure 13-6, estimate how many times larger is Be- 
telgeuse than 

(a) Antares 

(b) B Crucis 

(c) a Centauri 


17. (a) Using the excitation and ionization potentials for 


calcium, magnesium, helium, and hydrogen 
(Table 8-3), explain the relative absorption line 


strengths of neutral and singly ionized atoms of . 


18. 
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these four elements for stars of different spectral 
types as shown in Figure 13-6. 

(b) Why do both hot O and cool M stars have weak 
hydrogen absorption lines in their spectra? 


With the unaided eye, away from light pollution, you 
can see stars with a visual apparent magnitude of 6 
or brighter. For each of the main-sequence spectral 
types, calculate the maximum distance that you 
could observe a star of that type for this limiting 
magnitude. 


" 
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‘ope image of star formation — 
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Our Galaxy: 
A Preview 


W: have touched upon some of the basic char- 
acteristics of the stars. Now we expand our 
horizons one step farther (not the last step, by any 
means; see Part 4) and consider that magnificent 
whirl of stars—our Galaxy. In this chapter, we in- 
troduce you to the Galaxy, presenting a broad pic- 
ture so that Chapters 15 to 19 may be considered 
in the proper context. In Chapter 20, this context 
will be reiterated and the material summarized in 
the framework of the Galaxy’s evolution. 


14-1 
THE SHAPE OF THE GALAXY 
Observational Evidence 


When you get away from brightly lighted urban 
areas, you can rediscover an irregular band of dif- 
fuse light about 10° broad that encircles the celestial 
sphere approximately along a great circle. We call 
this band the Milky Way (Figure 14-1). The bright- 
est part of the Milky Way lies in the constellation 
Sagittarius (visible to Northern Hemisphere ob- 
servers near the southern horizon during the sum- 
mer), and dark lanes of obscuration are evident 
along the midline of the Milky Way. Directly op- 
posite on the sky, in the constellations Auriga, Per- 
seus, and Orion, the Milky Way appears unspec- 
tacular—in fact, the anticenter lies in Auriga. 
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How can we determine the structure of the 


Milky Way? Early in this century, the luminous 
clouds of the Milky Way were called star clouds 
(Figure 14-2); that is, these vague blobs of light 
were found to be collections of millions of stars. 
(Galileo discovered that the Milky Way contained 
individual stars with his telescope in the 17th cen- 
tury.) Section 14-2 will show how the stars of our 
Galaxy (from the Greek galaktikos, meaning milky) 
are distributed in space. 

In 1781, the French astronomer Charles Messier 
published a catalog (Appendix 1) listing about a 
hundred fuzzy (nonstellar-appearing) objects he 
observed while searching for comets; some of these 
were later found to be glowing clouds of gas in our 
Galaxy [Section 19-2(B)], open clusters, and distant 
globular clusters, but some others—the so-called 


(B) 


Figure 14-1 The Milky Way. (A) Wide-angle view of the Milky Way viewed from the 
Earth. The center of the Galaxy lies in the direction of the bright bulge in the upper center. 
Note the dark lanes through the plane. The three skinny, dark triangles are parts of the 
camera support. (A.D. Code and T.E. Houck) (B) A wide-angle (96°) view of the Milky 
Way from space. This image from COBE combines views at 1.2, 22, and 3.4 um and 
reduces the dust obscuration that blocks the optical view in (A). Note the well-defined 
central bulge. (NASA) 
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Figure 14-2 Star clouds in Sagittarius. Note again the dark lanes from dust. (Palomar 
Observatory, California Institute of Technology) 


nebulae (from the Latin singular nebula, meaning 
cloud)—remained an enigma until well into the 
20th century. Today, we understand that some neb- 
ulae are galaxies, separate extragalactic entities sim- 
ilar to our own Galaxy (Chapter 21). One of the 
nearest, the Andromeda galaxy (Messier 31), turns 
out to be similar in shape and contents to our 
Galaxy. 

Our Galaxy is apparently a highly flattened 
(like a pancake) stellar system that is being viewed 
(from the Sun) edge-on from a point far from its 
center. Note that the galactic center lies in the di- 
rection of the central nuclear bulge, that luminous 
swelling evident in Figure 14-1B. Within this nu- 
clear bulge lies the mysterious nucleus of the 
Galaxy. 


@ The Galactic Coordinate System 


To map the Galaxy, we define a galactic coordinate 
system (Appendix 10). Here the center line of the 


Milky Way (more accurately, the mass centroid of 
the galactic plane) defines a great circle on the sky 
called the galactic equator, along which galactic 
longitude / is measured in degrees (0 to 360) east- 
ward from the direction to the center of the Galaxy 
in Sagittarius. Galactic latitude b is the angular dis- 
tance on the celestial sphere (in degrees from 0 to 
+90) either north or south from the galactic equa- 
tor. Hence, the galactic anticenter is at | = 180°, 
b = 0°, the north galactic pole (NGP) at b = +90°, 
and the south galactic pole (SGP) at b = —90°. 


14-2 
THE DISTRIBUTION OF STARS 


The most direct way to determine the size and 
shape of our Galaxy is to investigate the spatial dis- 
tribution of stars. Here you will learn how to 
“count” the stars, see how misconceptions can arise 
and have arisen in interpreting the data, and un- 


cover the stellar indications of the Galaxy’s size 
and its spiral-arm features. 


Star-Counting 


How can we find out the extent and layout of the 
Galaxy? One technique involves counting stars in 
different directions in the sky. Assuming a uniform 
distribution in space, the directions in which more 
stars are seen are the directions in which the Gal- 
axy extends greater distances. Consider the solid- 
angular area w (in units of steradians) on the celes- 
tial sphere. At a distance r from the observer, the 
solid angle subtends an area A, 


A = or? 


The volume contained between r and a distance dr 
farther out is 


dV = dA-dr=r*drdw (14-1) 


If n(r) is the number density (number of stars per 
unit volume) at the distance r, then the number of 
stars in this volume is 


N(*) = n(r) dV = n(r)r? dr dw (14-2) 


Consider that all stars have the same absolute mag- 
nitude M and a constant n(r). If r(m) is the distance 
of stars of apparent magnitude m, then: 


N(m) = 4/3ar3(m)n (14-3) 


To study a large number of stars, however, it is 
much easier to consider their apparent magnitudes 
rather than their distances. Assume that we con- 
sider only stars of the absolute magnitude M (se- 
lected by spectral type, for example); then apparent 
magnitude and distance are related by (Equation 
11-6) 


log r = (m — M + 5)/5 = 0.2m + constant 


or 


r= 100:2m+constant (14-4) 
We now use this in Equation 14-3 to derive an ex- 
pression for the number of stars of a given absolute 
magnitude within a certain area of the sky brighter 
than apparent magnitude m: 


log N(m) = 0.6m + C (14-5) 
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where the constant C incorporates the dependence 
on M, w, and D. This equation tells us that, assum- 
ing a uniform density, there should be 10°° = 
3.98 times as many stars of a given absolute mag- 
nitude at apparent magnitude m + 1 as at m. A 
spread in absolute magnitude can be allowed for 
by an appropriate adjustment in C. 

Number counts do not follow Equation 14-5. 
Two factors cause this discrepancy: the nonuniform 
distribution of stars and interstellar absorption. 


Interstellar Absorption 


We now know that we are not located at the center 
of the Galaxy, but early star-count data indicated 
that our Sun was at the center. The reason that peo- 
ple believed the Sun was in the center of the Galaxy 
(wrongly!) was found in 1930 by the work of 
Robert J. Trumpler, who, while studying star clus- 
ters, noted that many appeared strangely faint for 
their observed angular sizes. By Equation 11-6, 
these dim clusters would be very distant, but then 
their linear sizes (in parsecs) would be very large. 
These problems disappear when we assume, as 
Trumpler did, that interstellar space is filled with 
obscuring material (dust) that is concentrated to- 
ward the galactic plane. 

Starlight is scattered and absorbed by this dust 
and results in interstellar extinction. Because the 
stars observed at high galactic latitudes (perpen- 
dicular to the plane of the Galaxy, at the Sun’s po- 
sition) farther than 500 pc from the plane do not 
strongly exhibit the characteristic effects of inter- 
stellar absorption, we can believe that the disk of 
the Galaxy is thin, about 1 kpc at the Sun. At low 
galactic latitudes (near the galactic plane), how- 
ever, the obscuration becomes severe. We charac- 
terize this absorption by a medium of uniform den- 
sity and opacity (Section 11-2[B]); this implies an 
exponential diminution of starlight with distance 
traveled through the medium. Because stellar mag- 
nitude is proportional to the logarithm of the ob- 
served flux (Equation 11-5), the increase in appar- 
ent magnitude from interstellar absorption is 
proportional to the distance to the star. 

Near the galactic equator, the visual absorption 
is about 1.0 mag/kpc; in very dense interstellar 
clouds, it is much higher. So a star 1 kpc distant in 
the galactic plane has an apparent distance modu- 
lus of 11.0 mag even though its actual distance 
modulus is 10.0 mag; this star appears to be about 
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1.6 kpc distant. A star at 5kpc suffers 5.0 mag of 
absorption, so that not only is it dim, but its dis- 
tance is overestimated by a factor of 10 if we ne- 
glect the effect of interstellar absorption. (Note that 
5 mag is a factor of 100 brightness, and 1001/2 = 
10, by the inverse-square law for light.) 

You can now understand why the Galaxy ap- 
peared small and heliocentric to astronomers early 
in this century; the interstellar obscuration in the 
galactic plane was the culprit. 

Finding source position and number counts 
still proves useful today. For example, as you will 
see in Chapter 18, gamma-ray bursters have an iso- 
tropic distribution on the sky. Where they are lo- 
cated in space is the essential mystery because we 
do not know their distances. 


Luminosity Function 


In addition to star counts, we can characterize the 
stars in our region of the Galaxy by their luminos- 
ity function: the number of stars per unit spatial 
volume with a given absolute magnitude M (or lu- 
minosity L). We can infer a star’s absolute magni- 
tude by studying its spectrum and placing it ap- 
propriately on a calibrated H-R diagram; that is, we 
estimate its luminosity from its spectral type. 
Let’s consider the 50 brightest visible stars, 
plotting a histogram of the numbers occurring in 
the absolute magnitude intervals M to M + 1/2 
(Figure 14-3). We expect that those stars that ap- 
pear the brightest are also intrinsically bright (note 
the preponderance at negative M), but Figure 14-3 
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Figure 14-3 Luminosity function for the 50 brightest 
stars, binned in ranges of absolute magnitude. 
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Figure 14-4 Luminosity function for the 50 nearest 


stars, binned in ranges of absolute magnitude. Note that 
most of the stars have low luminosity. 
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Figure 14-5 Local luminosity function. The sample 
here is complete to an absolute magnitude of 19 (solid 
circles). The solid line is a step function that fits the data 
fairly well. (G. Gilmore, Royal Observatory, Edinburgh) 


is biased because very luminous stars can be seen 
to great distances. A truer picture of the actual lu- 
minosity function is given by the histogram of the 
50 nearest stars (Figure 14-4); note the overwhelm- 
ing predominance of intrinsically faint stars 
(10.0 = M = 15.0) and the dearth of very lumi- 
nous stars. A stellar sample complete to a limiting 
magnitude of M ~ 190 at V band (Figure 14-5) 
shows that most stars are very dim (M > 10.0), 
with few being brighter than our Sun, which is by 


Figure 14-6 Space distribution of globular clusters 
is the XZ plane. Distance scales are in kiloparsecs. 
(W.E. Harris) 


no means a very luminous star (M = 5). Faint stars 
are in the overwhelming majority (the distribution 
has a broad peak near M ~ 13), with only a sparse 
sprinkling of luminous stars. These results apply to 
the solar neighborhood and to similar regions in 
the Galaxy. The luminosity function differs in lo- 
cations, for instarice, far above and below the mid- 
plane and in the central regions of the nucleus. 


@ Luminous Stars and Stellar Clusters 


Luminous stars and stellar clusters are discernible 
to very great distances. For example, if we survey 
to a limiting magnitude of m = 15.0, B stars of ab- 
solute magnitude M = —5.0 can be seen to a dis- 
tance of about 100 kpc; interstellar absorption in 
the galactic plane will, however, limit us to an ac- 
tual distance of 5 kpc. Stellar type O and B stars are 
very young, and they tend to occur in small clus- 
ters called associations; moreover, these hot, lu- 
minous stars can ionize the hydrogen gas in which 
they are imbedded, producing a bright region of 
ionized hydrogen (Chapter 19). Such associations 
and ionized hydrogen regions give an indication of 
the spiral-arm structure in the galactic disk. In 
Chapter 19, you will see that interstellar molecular 
hydrogen gas best delineates these spiral features. 

Recall that a globular cluster is a dense spher- 
ical cluster of about 10° to 10° stars; some 200 such 
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globular clusters are known to be associated with 
our Galaxy, and they are very luminous (M ~ —4 
to —10). Because the nearest globular cluster is 3 
kpc distant, we have a good probe of galactic dis- 
tances. The distance to a given globular cluster may 
be found (1) by the main-sequence fitting tech- 
nique, (2) by the apparent magnitudes of certain 
well-known types of stars in the cluster, and (3) by 
the apparent angular diameter of the cluster. When 
the distance and direction of globular clusters are 
plotted, we find today that they define a spherical 
system of radius ~ 100 kpc, with its center ~8 kpc 
away from the Solar System in Sagittarius (Figure 
14-6). Harlow Shapley discovered this effect in 
1917, and he correctly concluded that the Sun is far 
from the galactic center (the center of the globular 
cluster system). 

The current conventional standard puts the 
Sun at about 85 kpc (+1kpc) from the center, 
which gives the galactic disk a diameter of at least 
50 kpc. 


14-3 
STELLAR POPULATIONS 


Chapter 13 stated that stars could be assigned to 
different stellar populations, characterized by their 
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observed metal abundances, which are the abun- 
dances of all elements (Z values) except hydrogen 
(X) and helium (Y). In our Galaxy, we find that the 
stars in some globular clusters are extremely metal- 
deficient (Z = 0.001); we call these stars extreme 
Population II stars; most of the individual stars 
seen far from the galactic plane (in what is called 
the galactic halo) are of this population. Within 
about 500 pc of the galactic plane, the spatial den- 
sity of stars has increased so markedly that: we 
speak of the pancake-shaped galactic disk with its 
central bulge at the galactic center. In the disk, the 
metal abundance is greater than in Population II 
stars, and it generally increases as we approach the 
galactic plane. We call these the disk Population 
stars. Both Population II and disk Population stars 
are very old (billions of years), and their brightest 
representatives are red giants. However, in the ga- 
lactic plane (especially in the spiral arms) we find 
the young, luminous blue stars of Population I 
(greatest metal abundance; Z = 0.01). Population I 
stars are seen in open (galactic) clusters, in O and 
B associations, and near concentrations of inter- 
stellar dust and gas; these turn out to be associated 
with regions of star formation. 

The abundance of heavy elements increases 
from the halo to the spiral arms buried within the 
disk. In Chapter 16, you will see that hydrogen and 
helium are processed into heavier elements in the 
centers of stars and returned to the interstellar me- 
dium upon the demise of these stars. So our Galaxy 
likely began as a spherical cloud of essentially H 
and He, from which the metal-poor Population II 
stars formed. The cloud was enriched with metals 
as it collapsed toward the galactic plane, and only 
in the denser regions of the spiral arms is star for- 
mation now producing the metal-rich stars of Pop- 
ulation I. 

In summary, we can roughly divide the stars 
in the Galaxy into two general groups on the basis 
of their metal abundances. The point of this scheme 
is to try to group together stars of similar age, com- 
position, and (as you will see in detail later) kine- 
matics. The key to this choice of collective charac- 
teristics is to study the history of the Galaxy as 
recorded in its stars. Metal abundance and orbital 
characteristics are fossil properties; they are un- 
changed by galactic evolution. In essence, we are 
focusing on stellar ages, because they are directly 
correlated to metal abundances. 


14-4 
GALACTIC DYNAMICS: 
SPIRAL FEATURES 


We have described the stellar content of our Gal- 
axy, but what about the dynamics of the system? 
(Stellar motions are considered in detail in Chapter 
19.) We assume that our Galaxy is held together by 
the mutual gravitational attraction of its stars. The 
spherical part of the system (the halo with its host 
of globular clusters) is then analogous to a spheri- 
cal stellar cluster. The flattened disk, however, 
clearly implies a rapidly rotating entity that formed 
after the halo of globular clusters. 

Every star associated with our Galaxy moves 
within the gravitational attraction produced by 
stars and other matter (some of which is invisible). 
Assume circular stellar orbits about the galactic 
center in the galactic plane. In particular, our Sun 
is in such an orbit, with a radius of 8.5 kpc. In 
Chapters 19 and 20, we show that, near the galactic 
center, the orbital angular speed w (radians per sec- 
ond) is approximately constant (rigid-body rotation), 
whereas near the Sun, the circumgalactic speed is 
roughly constant, and the Sun’s speed is about 220 
km/s toward | = 90°. At the Sun’s position in the 
Galaxy, we may approximate the solar motion as a 
circular Keplerian orbit about a massive central 
body of mass Mg. Since the centripetal acceleration 
maintaining this circular orbit is produced by the 
gravitational attraction between the core (Mg) and 
the Sun (Ma), we have 


062/Ro = GMc/Ro? (14-6) 
where vo is the Sun’s circular speed (220 km/s), 
Ro is the distance to the galactic center (8.5 kpc), 
and G is the constant of universal gravitation. 
Equation 14-6 then gives the mass of our Galaxy 


’ within the solar orbit: 


Mc = Vo*Ro/G 

= (2.20 x 105 m/s)2(2.6 X 102°m) 
+ (6.7 X 107! m%/kg « s*) 
19 x 104! kg ~ 10"Mo 


Hence, if an average star has about one solar mass, 
our Galaxy consists of approximately 100 billion 
stars (however, this is only the mass interior to the 
Sun’s orbit). The most massive spiral galaxies 


known have masses about 10 times the Galaxy’s 
mass. 


! Congept Application | 
Kepler’s Third Law and the 
Galaxy’s Mass 


The Sun orbits the Galaxy at 220 km/s at a distance 
of about 8.5 kpc from the center. Assume that the 
Sun moves in a circular orbit. Apply Kepler’s third 
law in the form used for binary star systems (Equa- 
tion 12-1) to the Galaxy: 


Mc + Mo = RYP2 


where R must be in astronomical units and P in 
years; the mass then comes out in solar masses. At 
220 km/s it takes the Sun about 2.4 x 108 years to 
complete one orbit. Now R is roughly 8500 pc and 
1 pe ~ 2.1 X 105 AU; so 8500 pe ~ 1.8 x 10° AU. 
Then 


Mc + Mo ~ Mc = (1.8 X 10°)9(2.4 x 108)? 
= (5.8 X 10?7)/(5.8 x 101%) 
eae 1011 Mo 
Note that we ignore the mass of the Sun relative to 
the Galaxy. 


If we solve Equation 14-6 for v, we have in 
general that 


v = (GM/R)\/2 


so that, for Keplerian motion, v is inversely pro- 
portional to the square root of R. This relationship 
is the signature of Keplerian motion if we plot v 
versus R. 


Today we believe that the spiral arms of our 
Galaxy are also produced by dynamical effects. If 
this were not the case, these features would wind 
up and disappear (Figure 14-7) in only a few rev- 
olutions of the Galaxy. The Galaxy is about 15 x 
10? years old, and at the Sun’s location, it rotates 
once every 240 million years (~27Re/vo); it is un- 
likely that we could observe a spiral structure that 
was not a steady dynamical feature of the galactic 
disk. A spiral arm is thought to be a manifestation 
of a rotating density wave in the galactic disk 
(Chapter 20). The disk is initially unstable to den- 
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Figure 14-7 The wind-up problem. Here are two hy- 
pothetical “spiral arms” made of six stars following Kep- 
lerian orbits. After two cycles, the arm configuration has 
disappeared into a tightly wound pattern. 


sity perturbations (essentially sound waves), which 
can grow and gravitationally attract material along 
spiral paths, but these waves rotate only half as fast 
as the disk, so that material passes through the 
density pattern in the direction of galactic rotation. 
Star formation starts as the dust and gas permeat- 
ing the disk are compressed at the spiral-arm fea- 
ture; that is why hot, young Population I stars out- 
line spiral structures. 


14-5 
A MODEL OF THE GALAXY 


We close this chapter by describing a schematic 
model of our Galaxy that ties together the obser- 
vations (Table 14-1) and considerations presented 
previously (Figure 14-8). The entire Galaxy is con- 
tained within its spherical halo, with a diameter of 
roughly 100 kpc. Here reside the old Population II 
halo stars and the globular clusters (which contain 
Population II stars). These objects define the spher- 


280 Chapter 14 = Our Galaxy: A Preview 


SeN hae eep General Properties of the Galaxy 


ical envelope while they move along highly eccen- 
tric and inclined orbits about the galactic center 
with orbital periods near 10° years—a close anal- 
ogy to the spherical comet cloud centered upon our 
Sun (Section 7-3). The globular clusters fall into 
two subgroups: one with random motions in a 
spherical distribution with no rotation about the 
galactic center; the other with a flatter distribution 
and a mean rotation speed about half the circular 
speed for objects at this distance. 

The outer halo of the Galaxy has no definite 
boundary. Observations of globular clusters indi- 
cate that the halo extends to at least 100 kpc and 


(A) 


Globular 
Cluster 


then includes the Magellanic Clouds and dwarf 
galaxies that are companions to the Milky Way 
(Figure 14-9). The halo also includes gas in the 
shape of an expanded disk with a thickness of no 
more than 10 kpc. This gas is clumpy, contains both 
neutral and ionized areas, and corotates with the 
rest of the Galaxy. Because we can easily see out of 
the Galaxy, the amount of dust in the halo must be 
small. The halo also contains dark, as yet unob- 
served, matter. 

Bisecting the spherical halo is the circular ga- 
lactic plane. Inward to the galactic plane, the 
spatial density of stars increases and their metal 
abundance rises. We have now reached the thick 
galactic disk, with a perpendicular scale height of 
about 1 kpc and the large central bulge at its center. 
About half the mass of the Galaxy interior to the 
Sun’s orbit resides here, in disk Population stars 
that move in low-eccentricity orbits about the ga- 
lactic center. The ages of these stars are mostly 
large. 

The central bulge (R = 1 kpc) is very difficult 
to observe. The metal abundances of the old stars 
located within the bulge range from lower to 
greater than that of the Sun. Though the bulge is 
dominated by old stars, it contains some young 
stars where it intersects the plane. 

At the very center of the Galaxy is the small 
(< 1 pc diameter) massive (about 10°Mo) nucleus. 


Figure 14-8 Overall model 
of the galaxy. (A) Top view, 
showing the spiral arm struc- 
ture. (B) Side view, showing 
(B) the nuclear bulge and halo. 


In other spiral galaxies, the nucleus has a star-like 
appearance, but in our Galaxy it is hidden from our 
view by the interstellar obscuration in the galactic 
plane. It makes its presence known by emitting 
thermal and nonthermal radio continuum emis- 
sion, infrared radiation, X-rays, and even gamma 
rays. In the infrared at wavelengths near 2 wm, the 
galactic nucleus is 30” in diameter (1.5 pc in linear 
dimensions!) with several nearby sources in a 
sphere of radius 10 pc. The galactic nucleus may be 
an extremely compact stellar cluster wherein events 
of great violence are and have been taking place, 
or it may be a single very massive object, possibly 
a black hole. 

At the midline of the disk is the galactic plane, 
with its veneer of spiral arms in a region only 
about 500 pc thick (consider how thin this really is; 
the ratio of diameter to thickness is about 100:1). 
Newborn stars of Population I, as a result of their 
high luminosities and short lifetimes, signal the 
presence of the spiral density waves propagating 
around the galactic plane. Myriad clouds of hydro- 
gen gas and dust occupy the galactic plane, with 
some tendency to collect near the spiral features. 
The interarm regions contain some disk Population 
and old Population I stars, with stellar number 
densities about 10% that in an arm. 

Our Sun, a Population I star about 5 billion 
vears old, is located 8.5 kpc from the galactic cen- 
ter, on the inner edge of one spiral arm. Although 
it is not exactly in the galactic plane, it is only a 
small distance above it. Carrying the Solar System 
with it, the Sun orbits the galactic center once every 
240 million years in a path of very low eccentricity. 
As we gaze out from the Earth upon the celestial 
flywheel that is our Galaxy, we see the neighboring 
stars participating with us in the galactic rotation 
toward | = 90° and the breathtaking band of the 
Milky Way encircling the sky from its center in 
Sagittarius. The Sun resides in the thin disk, which 
has a vertical scale height of only a few hundred 
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Figure 14-9 The local region of space near the Milky 
Way, showing a cross section (in the XZ plane) of the 
distribution of material in the outer halo of the Galaxy: 
globular clusters (dots), dwarf galaxies (circles), and the 
Magellanic Clouds (kidney-shaped). The scale is in kilo- 
parsecs with distances relative to the Galaxy’s center. 
(Adapted from a diagram by B. Carney) 


parsecs and contains most of the stars in the Sun’s 
vicinity. These stars have almost circular orbits, 
metal abundances similar to the Sun, and ages that 
range from old to newborn. The thin disk also con- 
tains the Galaxy’s gas and dust, with a scale height 
smaller than that for the stars. 
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| Key Eau xe lations & Cankepts | & Contepts 


Keplerian motion 


Our Galaxy: A Preview 


Star counts 


N(r) = n(r)r2dr dw v = (GM/R)'2 


or and 


log N(m) = 0.6m + C vx R-V2 


\ Problems | 


1. Using a simple diagram, explain why our Galaxy ap- 6. Consider the center of our Galaxy to be a spherical 


pears as the Milky Way in the night sky. 


. Using Figure 14-4, describe the various aspects of the 
Milky Way on evenings of different seasons for an 
observer in New Mexico. Use the altitude—-azimuth 
horizon system of coordinates and mention the tilt of 
the Milky Way to the horizon and the observability 
of Sagittarius. 


. The integral count ratio N(m + 1)/N(m) = 3.98 with 

the assumption that stars are uniformly distributed 

in space. Make a schematic diagram plotting log 

N(m) versus m and show what effect each of the fol- 

lowing would produce: 

(a) a uniformly distributed interstellar obscuration of 
1 mag/kpc 

(b) a strongly absorbing interstellar dust cloud lo- 
calized at the apparent magnitude metoug 


. What stellar population would you expect to find 
(and why) 

(a) in the nucleus of our Galaxy 

(b) in the spiral arms of the Andromeda galaxy 

(c) in the Pleiades star cluster 

(d) in intergalactic space (beyond the halo) 

(e) in the galactic bulge 


. (a) A globular cluster is in elliptical orbit (e = 0.9) 
about the center of our Galaxy, reaching apoga- 
lacticon (farthest distance from the center) at the 
distance 40 kpc. What is the perigalacticon (near- 
est) distance, and how long will this cluster re- 
quire to complete one orbit? 

(b) What is the approximate speed of escape from 
the Galaxy in the solar neighborhood if the Sun’s 
circular orbital speed about the galactic center is 
220 km/s? 


star cluster of radius R and uniform mass density p. 

(a) What is the total mass M of this cluster? 

(b) What is the mass contained within the sphere of 
radius r < R? 

(c) In terms of M, what is the angular speed w of a 
star in circular orbit at a distance r (< R) from 
the cluster’s center? Note that w = v/1, where v 
is the circular orbital speed of the star in kilo- 
meters per second. 

(d) Using an analogy, explain why we refer to the 
result of part (c) as rigid-body rotation. 


. Assume that the galactic disk may be approximated 


by a plane-parallel slab 500 pc thick and having the 

galactic plane at its midline. Take the Sun to be lo- 

cated in the galactic plane. 

(a) How many magnitudes of absorption are there at 
b = 90° 

(b) How many magnitudes of absorption are there at 
the general galactic latitude b? 

(c) Explain why the region b = 10° is called the 
“zone of avoidance” (essentially total obscuration 
in terms of apparent magnitudes). 


. In the direction perpendicular to the galactic plane, 


approximately how thick (in kiloparsecs) is the ga- 
lactic bulge? 


. This chapter suggests that stars are formed when 


disk materials (gas and dust) catch up with a density 

wave. Assume that the newborn stars continue about 

the galactic center with a circular speed appropriate 

to their distance. 

(a) How far will an O star move from the spiral arm 
of its birth in 1 million years? 

(b) Are you surprised to find our Sun ina spiral arm 
(or near one, at least)? 


10. 


11. 


12. 


13. 


If interstellar absorption averages 1 mag/kpc, calcu- 
late the optical depth for this absorption in the ga- 
lactic plane. 


For each of the bins in Figure 14-6, convert absolute 
visual magnitude to luminosity (in solar units). Mul- 
tiply the luminosity by the number of stars for each 
bin. Make a table of the product number of stars Xx 
luminosity versus absolute visual magnitude. If 
these stars are representative of the Galaxy, at what 
absolute visual magnitude (counting upward) is 95% 
of the Galaxy’s luminosity accounted for? Roughly 
what range of spectral types contributes the bulk of 
the Galaxy’s luminosity? 


Repeat the previous exercise except convert luminos- 
ity to mass by the rough formula M ~ L!/3, where 
M and L are in solar units. Is most of the mass con- 
tained in high-, low-, or intermediate-mass stars? 
Roughly what range of spectral types contributes 
most of the mass of the Galaxy? 


The star Deneb, in the constellation Cygnus, is one 
of the most luminous stars visible with the unaided 
eye. Stars like Deneb are therefore the most distant 
stars we can see in our Galaxy. 

(a) Given its apparent visual magnitude of 1.3 and 
distance of 430 pc, calculate the absolute visual 
magnitude of Deneb (ignore interstellar absorp- 
tion). 

(b) Ignoring interstellar absorption, how distant 
could a star like Deneb be and still be visible to 
the unaided eye (m = 6)? 


14. 


15. 
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(c) Deneb lies close to the galactic plane. Assuming 
a constant interstellar absorption of 1.0 magni- 
tude per kiloparsec, estimate the absorption to- 
ward Deneb in magnitudes. 

(d) Assuming interstellar absorption, how distant 
could a star like Deneb be and still be visible with 
the unaided eye? 


Assume that the interstellar absorption in the galactic 
plane has the roughly constant value of 1 magnitude 
per kiloparsec. 

(a) What is the absolute magnitude of the faintest 
star that could be detected at the galactic center 
by a telescope with a limiting magnitude of 23.5? 

(b) Compare this result to the value if there were no 
interstellar extinction. 

(c) In each case, what stars on the H-R diagram have 
the required absolute magnitude? 

(d) These stars at the galactic center cannot actually 
be observed at visual wavelengths. Assuming 
that the stars do indeed exist, why do you think 
they are not visible? 


(a) Assuming a constant interstellar extinction of 1 
magnitude per kiloparsec, what is the maximum 
distance to which we could see a bright globular 
cluster in our Galaxy using a telescope with a 
limiting visual magnitude of 23.5? 

(b) Globular clusters are observed around the An- 
dromeda Galaxy (M31), a nearby spiral galaxy 
960 kpc from our Galaxy. Reconcile this obser- 
vation with your answer in (a). 


The Interstellar 
Medium and 
Star Birth 


W: have examined the general form of our Gal- 
axy and the varieties of stars that populate it. 
Now we will consider the content of the vast re- 
gions of space between the stars—the interstellar 
medium (ISM). Just as our own Solar System is 
pervaded by gas and plasma (the solar wind), mag- 
netic fields, particles, and rocks, so also is inter- 
stellar space filled with gas, dust, magnetic fields, 
and particles. This chapter concentrates on the dust 
and gas in the galactic disk. Gas and dust make up 
the bulk of the interstellar medium, and here, from 
dense molecular clouds, new stars (and planets) are 
born. 


15-1 
INTERSTELLAR DUST 


Interstellar dust cohabits the interstellar medium 
with the gas. On the average, one dust particle ex- 
ists in every 10° m?, but the dust amounts to about 
1% of the total mass of interstellar matter. A given 
mass of dust, though, contributes far more opacity 
than the same mass of gas. So, the dust can cut out 
light from distant objects or from those enshrouded 
in dense clouds. Piercing the dust veil has been an 
important goal of radio and infrared astronomers 
in revealing the process of star birth. 
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Dark Nebulae and Extinction 


Numerous dark patches stud the Milky Way. These 
dark nebulae are opaque clouds obscuring the 
light of the stars behind them. In many cases, dark 
nebulae lie adjacent to or superimposed upon 
bright nebulae; an example is the famous Horse- 
head Nebula in Orion (Figure 15-1). Sometimes 
very small dark regions called globules overlie 
bright nebulae (Figure 15-2). 

Far more difficult to detect is the general obscu- 
ration caused by dust distributed more uniformly 
and thinly than in the dark clouds. We have al- 
ready mentioned this obscuration in the discussion 
of star counts (Section 14-2). The general absorp- 
tion from dust requires that the equation for the 


The Horsehead Nebula. This dark cloud is 
(Palomar Observatory, California Institute of 


Figure 15-1 
in Orion. 
Technology) 


Figure 15-2. An HII region, Messier 16, the Eagle Neb- 
ula. Note the dark globules and lanes. (KPNO/NOAO) 
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distance modulus should he rewritten from 


m—M = 5logd —5 (15-1) 


to 


m— M=5logd-5+A (15-2) 


where A represents the total amount of absorption 
(in magnitudes at the observed wavelength) for the 
distance d from our Sun; m is the apparent mag- 
nitude; M is the absolute magnitude. Note that 
stars appear to be fainter (larger m), and therefore 
farther away, whenever interstellar obscuration 
intervenes. 

If this general interstellar absorption were truly 
uniform throughout the Galaxy, A could be ex- 
pressed as a simple function of distance, A = kd. 
Observations clearly show, however, that the ab- 
sorption is patchy; the total amount of absorption 
between us and a star or cluster differs with direc- 
tion in the sky and with the character of the inter- 
vening space. 


@ Interstellar Reddening 


The absorption A in Equation 15-2 depends upon 
wavelength. The interstellar dust between us and a 
star does not dim that star’s light identically at all 
wavelengths; more light is scattered in the blue 
than in the red. As a result, the light from the star 
appears redder than in the absence of dust—hence 
the term interstellar reddening. The obscuration is 
primarily a form of scattering rather than absorp- 
tion. The reddening arises from selective scattering, 
so that if equal numbers of red and blue photons 
are incident upon a dust cloud, a greater number 
of the blue photons are scattered out of the beam. 
Hence, a proportionately larger number of the red 
photons penetrate through the cloud and reach an 
observer (Figure 15-3). In a sense, the light is “de- 
blued” rather than reddened. 

Reddening increases the color index observed 
for a star. We define color excess as the difference 
between the observed and the intrinsic color index 
[Section 11-4(B)]: 


CE = CI (observed) — CI (intrinsic) 


The intrinsic color index depends upon the spectral 
type of the star, and it can be established from a 
spectrum. We also can determine the color excess 
without taking a spectrogram, by comparing two 
color indices, such as (B — V) and (U — B). 


(15-3) 
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Figure 15-3 Scattering and reddening. Grains in a dust 
cloud scatter blue light (dashed arrows) more efficiently 
than red (solid arrows). So observer B sees a bluish re- 
flection nebula, and observer A sees reddened starlight. 


The wavelength dependence of the interstellar 
extinction (absorption) is found by comparing the 
brightnesses of stars of similar spectral type at a 
number of wavelengths. By such a comparison of 
stars reddened by different amounts, astronomers 
have found that the extinction is proportional to 
1/d in the visible region. Such data also established 
that, in most regions of the Galaxy, the absorption 
in visual magnitudes is approximately three times 
the color excess (the best current value is 3.2); thus 


Ay ~ 3(CE) (15-4) 


We may use this value of A in Equation 15-2 to 
find the true distance to the star, providing the star 
itself does not have a peculiar spectral distribution 
or affect the nature of dust grains in its immediate 
vicinity. 


r Con ricept | Applicat tion | 
Color Excess 


Consider a star of spectral type GO V with my = 
13.0 and CI = 1.6. The H-R diagram shows that a 
star of this spectral type has an intrinsic color index 
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of 0.6, and My = 5. Therefore, from Equation 15- 
3, we have CE = 1.0 and from Equation 15-4, 
Ay ~ 3.0. Now we substitute in Equation 15-2 


my — My = 5logd —5 + Ay 
to obtain 
13.0 — 5.0 = 5logd —-5 + 3 
logd = 2 
d = 100 pc 
Although the star appears to be 400 pc distant, its 


actual distance is only 100 pc. Or, we could say that 
the true distance modulus is 


my — Mg = my — My — Ay = 5 log (d/10) 
=13-5-3=5 


Let’s quantify the discussion a bit more. Rewrite 
Equation 15-2 as 


m, — M, = 5logd —5 + Ay (15-5) 


where the wavelength A subscript emphasizes that 
the amount of extinction depends on wavelength. 
Note that A, is the absorption along the line-of- 


sight, so that 

Ay = kd | 
where k, is the absorption, or extinction, coefficient, 
which depends on the extinction cross section o 
and the number-density distribution of absorbing 
material n. On the average, k, equals 1 to 2 mag/ 
kpc. 

The amount of extinction is directly related to 
the physical characteristics of the dusty material. 
Recall (Section 8-7) that, for light of intensity I(0) 
passing through a uniform slab of thickness L, ab- 
sorption results in 


KL) = 1(0) exp(—1) 
where the optical depth 


L 
= | n(l) dl = oynL 
0 
so that over distance d in the interstellar medium, 


d 
™ = Oy i n(r) dr = ond 
0 


if n(r), the number density of absorbing particles, 
is uniform along the line-of-sight. Now, the inten- 


sity ratio I/I(0) is related to a difference in magni- 
tudes AM by 


AM) 


—2.5 log{I/1(0)) 

= —2.5 loglexp(—%)] 
2.5 (log e)™ 

= 2.5(0.434)m = 1.0861 


Since this change in magnitude AM, is the absorp- 
tion A), 

Ay = 1.0867 
1.0860,nd = kd 


(15-6) 
where 
oy, = 7a2Qy 


Here a is the radius of the dust particles and Q) is 
their relative extinction coefficient, which can be 
calculated in the laboratory from the optical prop- 
erties of the appropriate materials. Note that the 
absorption in magnitudes approximately equals the 
optical depth. 


a 
Interstellar Polarization 


The light emitted by stars is basically unpolarized. 
However, observations show starlight to have a po- 
larization of up to 10% at optical wavelengths. (Re- 
view Section 8-1 for the nature and properties of 
polarized light.) The amount of polarization cor- 
relates directly with the amount of interstellar red- 
dening: a large polarization is found for stars with 
large color excesses. Therefore, interstellar dust 
causes most of the optical polarization of starlight 
(although some stars do show intrinsic and often 
variable polarization). 

We detect polarization by measuring the inten- 
sity of light transmitted through a polarizing filter 
or other polarization analyzer. Such a filter passes 
a maximum intensity I in one orientation and a 
minimum intensity I, when rotated through 90°. 
We define the fraction polarization of light by 


BRS (=e dy) 


For completely unpolarized light, we have I = I, 
and FP = 0, whereas for linearly polarized light, 
I, = Oand FP = 1. 

Nonspherical particles can polarize light, for 
light vibrating parallel to the long axis of an elon- 
gated particle will be diminished more than that 
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vibrating perpendicular to that axis. Hence, the dis- 
covery of interstellar polarization gives clues about 
the nature of interstellar dust grains. Also, even 
nonspherical particles cannot polarize light if they 
are oriented at random. On the average, the grains 
along the line-of-sight must have a preferential ori- 
entation for polarization to occur. Now, under cer- 
tain conditions, even relatively weak magnetic 
fields can align particles. One model visualizes 
elongated particles spinning with their short axes 
aligned along the magnetic field. So we can use 
polarization data to map the magnetic field of the 
Galaxy as seen from the Sun. Polarization will 
be strong and ordered when the magnetic field is 
perpendicular to the line-of-sight and weak and 
random when we look along the field (down a 
magnetic flux tube). Observations of interstellar po- 
larization indicate that the galactic magnetic field 
(on the average) lies along spiral arms. As dis- 
cussed in Section 20-4(A), radio interstellar polar- 
ization confirms the interpretation that the optical 
polarization is related to the magnetic field. 


@ Reflection Nebulae 


When a dust cloud lies to one side of a star rather 
than between the observer and the star, it scatters 
light from the star toward the observer. This is the 
same scattering phenomenon that is responsible for 
interstellar reddening, but instead of viewing the 
light that filters through the dust, we see the light 
that is scattered out of the star-to-cloud direction— 
a reflection nebula (Figure 15-4). Each of the dust 
particles scatters a bit of the starlight toward us. 
Because the particles scatter blue light more effec- 
tively than red, reflection nebulae appear bluer than 
the incident starlight they scatter. 

One key observational feature of reflection neb- 
ulae is that the light from them is highly polar- 
ized—often as much as 20-30%. Now, the light 
emitted by stars is basically unpolarized. When 
scattered by small particles, light is selectively 
plane-polarized. The polarization occurs because 
light is a transverse wave, and so small particles 
selectively scatter light perpendicular to the direc- 
tion of travel of the incident light. This polarization 
differs from that of the general interstellar polar- 
ization in that it results from reflection rather than 
transmission of light. It, too, depends on the nature 
of the medium but also on the angles of the inci- 
dent starlight and the line of observation. So again 
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Figure 15-4 A reflection nebula, caused by a dust 
cloud around the star Merope in the Pleiades. (National 
Optical Astronomy Observatories) 


we may deduce some of the properties of the dust 
grains around stars by observing the polarization 
of the reflected starlight. Such polarization obser- 
vations are also possible in the near infrared, so 
that nonspherical distributions of dust grains (such 
as disks) can be indirectly detected around stars. 


@ The Nature of the Interstellar Grains 


The observed effects of the interstellar grains— 
interstellar reddening, extinction, reflection, and 
polarization—give clues to the nature of the par- 
ticles involved. Although both theorists and exper- 
imentalists have worked diligently to decipher the 
data, they have not yet found a complete solution. 
The possibilities that can explain most of the ob- 
servations include the following: 


1. Elongated dirty-ice grains 

2. Grains of graphite (carbon) 

3. Particles with small cores and large icy mantles 
4. 


Large, complex molecules called polycyclic aro- 
matic hydrocarbons (PAHs) 


5. Silicate particles 


The strength of the interstellar obscuration and the 
characteristics of the reddening require solid 
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grains. Interstellar polarization requires nonspheri- 
cal particles that can be aligned by a magnetic field; 
pure ice particles are excluded because they are not 
magnetic. Graphite or graphite-core particles could 


- fit, for carbon in the form of graphite readily forms 


into highly flattened plates or flakes. However, ice 
and ice-like materials also tend to form flat crystals. 
There is strong support for silicate particles and for 
a mixture of silicates and either alternative 2 or 3. 

A key clue comes from the average interstellar 
extinction curve (Figure 15-5) in the visible and 
ultraviolet. Note that the curve rises in the visible, 
has a bump in the ultraviolet (about 0.2 um), and 
then, after a slight dip, rises again into the far ul- 
traviolet (the data are limited-at very short wave- 
lengths by our observational techniques). No one 
type or size of grain can fit the extinction curve; it 
must be a composite resulting from the interstellar 
mixture. Calculations show that the bump and the 
rise in the ultraviolet are caused by very small par- 
ticles, 0.005-0.02 um in radius. The rise in the vis- 
ible can be the result of larger grains, 0.05-0.2 um 
in radius. Note that dust that absorbs ultraviolet 
will heat up and emit, in equilibrium, in the infra- 
red. This infrared emission has been observed on a 
large scale from throughout the Milky Way, espe- 
cially by the IRAS. i 

The bump at 0.2 wm can be explained by bare, 
small-radius (~0.02 um) graphite (pure carbon) 
particles. The bonds between the carbon atoms res- 
onate and absorb at this wavelength. The rise in 
the ultraviolet must also come from very small par- 
ticles; silicate particles with a radius of 0.005 to 
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Figure 15-S General interstellar extinction curve. This 
curve is an average one over many directions in the sky; 
note the peak near 0.2 wm. 


0.01 um can play this role. For the visible region of 
the spectrum, larger particles are needed; their ra- 
dius is about 0.2 um. Such particles cannot be com- 
posed entirely of silicates, graphite, or pure iron; to 
account for how much extinction is seen requires 
some of the abundant hydrogen in the icy materi- 
als. To account for the shape and amount of the 
interstellar extinction curve, astronomers have 
developed core-mantle grain models. The small 
core, about 0.05 «um in radius, could consist of sil- 
icates, iron, or graphite; silicates are plausible. The 
mantles are made of icy materials, likely some com- 
posite of all possible kinds. Note that these grains 
are much smaller than the dust in your house; in 
fact, they are smaller than the particles in tobacco 
smoke. 

Infrared observations bolster the idea that sili- 
cates and ices (at least water ice) make up part of 
the interstellar grains. They show absorption bands 
at 9.7 and 3.07 wm (Figure 15-6). Silicates in terres- 
trial rocks, meteorites, and lunar rocks have ab- 
sorption bands at about 10m; these involve 
changes in the energy of vibration in the Si—O 
bonds. Silicates also have another, but weaker, ab- 
sorbing band at 18 um that involves the energy of 
bending the O—Si—O bonds; this has been ob- 
served, too. The band at 3.07 um likely occurs from 
water ice, but the amount of water ice in the grain 
is not enough to account for all the extinction. 
Probably present are other icy substances that have 
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Figure 15-6 Infrared spectrum showing absorption 
features. This spectrum is from the Becklin-Neugebauer 
source in the Orion Nebula. The absorption bands are 
probably from ices and silicates. (Adapted from a diagram 
by F. Gillett and W. Forrest) 
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not yet been positively identified because their in- 
frared bands are much weaker than that of water ice. 

The PAHs are aromatic hydrocarbons of 20 to 
100 carbon atoms in a lattice-like structure, which 
are much smaller than the conventional grains 
mentioned so far—with radii of only 10 A or so. 
Such structures are extremely stable because of 
the large binding energies of the carbon atoms. So 
they can survive high temperatures, greater than 
1000 K; some IRAS observations imply emitters at 
greater than this temperature to explain excess 
12-4m emission in infrared cirrus clouds; PAHs 
may be the source. Also, a number of so-far un- 
identified IR emission features from 3 to 12 um 
may originate from PAHs, especially at 3.3 and 
11.3 wm. In addition to the PAHs, the ISM may 
contain very small grains that bridge the gap in 
sizes between the PAHs and conventional dust 
grains. These very small grains (VSGs!) may be 
made of spherical graphite and have a radius of 
some 20-100 A. 

What is the source of interstellar grains? Basi- 
cally, they come in two types, ices and refractory 
materials, and so they must have at least two dif- 
ferent sites of origin. Ices solidify at a few hundred 
kelvins, the refractory materials at a few thousand 
kelvins. These grains are probably made in the at- 
mospheres of cool supergiants. We know such stars 
are blowing mass into space at rates of about 
10-*Mo /year. The surfaces of these M stars have 
temperatures of only 2500 K or so. As gaseous ma- 
terial streams outward from them, their tempera- 
tures drop and solids can condense out of the va- 
por. The spectra of some supergiants show the 
9.7-4m silicate feature, indicating that such dust 
exists around them. In a class of stars where car- 
bon is somewhat more abundant than oxygen, 
graphite-like grains and particles made of silicon 
carbide can form in the outflowing material. The 
infrared spectra of these stars indicate a surround- 
ing cloud of carbon particles. 

What about the ices that make up grain mate- 
rials (or perhaps entire grains)? These probably 
condense on cores in the deep interiors of dense 
molecular clouds. Here the temperatures are low 
and the gas densities high, and so bare grains can 
grow crusts of ices. A core may have to grow a 
mantle once every 108 years or so, because grains 
will lose their mantles when in an environment 
where temperatures range above a few hundred 
kelvins. 
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15-2 
INTERSTELLAR GAS 


In addition to dust grains, interstellar space con- 
tains gas. This section investigates the physical and 
observational properties of the many species of in- 
terstellar gas, which makes up most of the inter- 
stellar medium. The interstellar gas produces its 
own characteristic emission and absorption line 
spectra. The temperature and density of the gas de- 
termine these characteristic spectral features. In 
general, the gas is essentially transparent over a 
wide spectral range despite the fact that the total 
mass of the gas in our Galaxy is greater than the 
total mass of the dust by a factor of about 100. The 
number density of dust grains is vastly smaller 
than the number density of the gas: roughly one 
part in 10!2. 


Interstellar Optical Absorption Lines 


Some stars have in their spectra absorption lines 
that are quite out of character with the spectral 
class. For instance, many B stars exhibit sharp, 
sometimes multiple lines of Ca II. Some spectro- 
scopic binaries show particular spectral lines that 
remain fixed in wavelength while the rest of the 
spectral lines shift periodically to the red or blue in 
response to the binary stellar motions (Figure 15- 
7A). Clearly, these absorption lines originate in the 
interstellar medium. Multiple lines arise when 
there are several absorbing clouds along the line- 
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of-sight (Figure 15-7B). Optical absorption lines, 
identified as interstellar in origin, include those 
from Ca I, Ca II, Ti I, Ti II, Na I, and the molecules 
CN and CH. 

These absorption lines are sharp because ther- 
mal Doppler broadening is negligible at the low 
temperatures that characterize some parts of the in- 
terstellar medium. The intensity of a line depends 
upon the amount of gas lying between the star and 
the observer; if the gas is distributed uniformly 
through space, the intensities of interstellar absorp- 
tion lines depend directly upon the path length tra- 
versed by the starlight. Low gas density plays a 
role in preventing ions from recombining into neu- 
tral atoms after photoionization. Sufficiently ener- 
getic photons and cosmic rays will occasionally en- 
counter and ionize the widespread gas atoms and 
molecules. In order to recombine, an ion must cap- 
ture an electron, but at typical interstellar densities 
the chance of such a capture is very small. 


@ Emission Nebulae: H II Regions 


Hydrogen Line Emission 


Among the most spectacular objects to be photo- 
graphed with telescopes are the emission nebu- 
lae—clouds of gas caused to shifie by the intense 
radiation from a hot star (Figure 15-2). Hot O and 
B stars emit tremendous amounts of ultraviolet ra- 
diation; such energetic photons, with wavelengths 
less than 91.2 nm, ionize any hydrogen atom they 
encounter. If such a hot star is surrounded by a 


Figure 15-7 Optical interstellar 
absorption lines. (A) Lines from 
Call cool clouds appear in absorption 
K Line toward a binary system, but they 
do not show any cyclical Doppler 
shift. (B) The lines can have several 
Doppler-shifted components, each 
from a cloud with a different radial 
(B) velocity. 


cloud of gas, the hydrogen atoms close to the star 
will be ionized and form an HII region. Away 
from the star, the energetic photons have been used 
up for ionization; eventually none are available to 
ionize the hydrogen and the HII region sharply 
terminates (neutral hydrogen HI prevails). Let’s 
now examine the physical processes that determine 
the structure of an H II region in greater detail. 

The hydrogen gas in interstellar space is ex- 
tremely dilute and cold. Half of the gas is HI 
(neutral hydrogen) in the ground state because 
collisional excitation is rare. Therefore, only pho- 
tons whose wavelengths are less than or equal to 
91.2nm can ionize the gas to HII; note that 
91.2 nm corresponds to the Lyman continuum limit 
(ionization potential) of hydrogen. Imagine a hot 
star in the midst of this cool HI gas with 
Tef¢ 2 20,000 K, which the Planck spectral curves 
imply will produce ample ultraviolet radiation 
(A = 91.2 nm). If the gas density is reasonably uni- 
form, the ultraviolet radiation from the central star 
ionizes all the hydrogen in a roughly spherical vol- 
ume of space; we term this region the Strémgren 
sphere. (Because’ the interstellar gas is clumpy, 
HII regions are rarely spherical.) Equilibrium is es- 
tablished when the rate of recombination (H II + 
2 —» HI) equals the rate of photoionization; the 
HII region is maintained by the continual reioni- 
zation of recombined HI atoms due to the flux of 
ultraviolet photons from the central star. 

We can see this process in an idealized case as 
follows. Consider a single star emitting Nyy ioniz- 
ing photons per second into a uniform medium. 
Within a volume out to radius R,, all photons will 
be absorbed to ionize atomic H. Recombinations 
will balance ionizations, so that the total number 
of photons per second will equal the total recom- 
binations per second: 


Nuy = (47r/3)R 2 Ne nya(2) 


where a(2) is the recombination coefficient (m°/s) of 
H excluding the n = 1 state. Such captures produce 
another ionizing photon; captures to n = 2 or 
higher produce photons longward of the Lyman 
limit. These quickly escape the HII region. So the 
Stromgren radius is given by 


Ry = [Nuy/(47/3)nnya(2)]3 (15-7) 


An O5 star emits about 10*? photons/s; at 8000 K 
(typical of an HII region), a(2) ~ 107? m¥/s; n, ~ 
10°/m?; ny ~ 10°/m3; so R, ~ 100 pc. For a cluster 
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of stars, we add up the total number of ionizing 
photons (though one very hot star will dominate). 

The outer boundary of an HII region arises 
from several factors. At greater distances from the 
star, the inverse-square law diminishes the flux of 
ultraviolet photons, and ionization of the recom- 
bined HI atoms is no longer possible. So the ratio 
of HI to HII rises sharply with increasing distance 
from the star, and the material quickly becomes 
opaque to the Lyman continuum, giving rise to the 


. sharp boundary. In addition, most of the HII re- 


combines to an excited state of the neutral HI; the 
atom then quickly cascades to the ground state, 
emitting several low-energy (A > 91.2 nm) photons 
in the process. Because the H I atoms spend so little 
time in the excited states, practically all of these 
low-energy photons (as well as the star’s photons 
with A > 91.2 nm) escape from the H II region. So 
the HII region fluoresces by converting the stellar 
ultraviolet radiation to lower-energy photons, with 
the bulk of the radiation escaping as the visible 
(longer-wavelength) Balmer lines. 

Radio line emission at centimeter wavelengths 
has been observed from very-low-energy electronic 
transitions between very high excitation levels of 
HI, such as from level n = 110 to n = 109 and 
from n = 105 to n = 104. The ionized hydrogen 
has no electrons, and so it cannot radiate spectral 
lines; nevertheless, radio continuum radiation em- 
anates from the HII region as a result of free-free 
transitions (next section). Optical fluorescence lines 
of helium are also strong in the spectra of emission 
nebulae; together with the radio recombination 
lines of helium (arising from transitions between 
high-excitation levels), these lines permit us to (1) 
study the excitation mechanisms operating in H II 
regions, (2) investigate the elemental abundances 
(especially He/H) of the interstellar medium, and 
(3) probe the spiral structure of our Galaxy. 


Continuous Radio Emission 


The electrons in an H II region move freely through 
the gas, sometimes recombining with ions and 
sometimes, by collisions, exciting atoms or ions 
(leading to the emission of forbidden lines), but 
more often interacting with ions in a free-free tran- 
sition. A free electron travels past an ion in a hy- 
perbolic orbit of a given energy. This orbit can be 
altered by the quantum-mechanical emission of a 
photon with an energy up to the KE of the electron. 
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When an assembly of electrons and ions (a plasma) 
is involved, the individual free-free emissions add 
up to a continuum, because the characteristic ki- 
netic energies are small, this continuum radiation 
occurs predominantly at infrared and radio wave- 
lengths. In short, an H II region is a source of radio 
emission characterized by the mean energy of the 
electrons—the temperature of the gas. To distin- 
guish this emission from synchrotron radiation, we 
use the term thermal bremsstrahlung. 

Observations at radio wavelengths of thermal 
bremsstrahlung from H II regions provide a diag- 
nostic of their physical conditions. The emission 
falls into two regimes: optically thick and optically 
thin connected by a turnover region. In the opti- 
cally thin regime (Section 8-7), the flux is a power 
law: 


Reve 


where a ~ 0.1 for a thermal source. On a log-log 
plot, a is just the slope of the spectrum. For the 
Orion Nebula, for instance, the spectrum turns over 
at about 1 GHz and a does equal 0.1. In the opti- 
cally thick regime at low frequencies, the spectrum 
rises as v2, the same as for blackbody radiation at 
low frequencies (Figure 15-8). 
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Figure 15-8 Comparison of the radio spectra of Cas- 
siopeia, a supernova remnant with a synchrotron spec- 
trum, and the Orion Nebula, with thermal, free-free 
emission. 
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Following Section 8-7, in the optically thin part 
of the spectrum, 


I, = SyTy 


Now, for free-free emission, the observed I, is 
roughly constant and so independent of frequency. 
If the temperature and density are roughly constant 
within the emitting region, then 7 is proportional to 


L 
Em = [ ne dl = (n,)2 L (15-8) 


0 


where E,,, is called the emission measure. Note that 
L is the distance along the line-of-sight. (The astro- 
nomical custom is to use n, in cm7? and L in pc, so 
Em has unit pc/cm®.) E,, tells us how many charged 
particles interact along the line-of-sight—in this 
case, just within the H II region, so L is the diam- 
eter of the region. Hence, the measured I, of an H II 
region gives E,,, from which we find (n,). Typi- 
cally, it ranges from 10° to about 10°/m?. 
Measurements in the optically thin regime also 
allow us to compute the size of the H II region, the 
mass of ionized hydrogen, and the number of ion- 
izing photons per second from the embedded stars 
and hence to infer the number and spectral type of 
the stars creating the H II region. These values can 
be found even if the region is obscured optically 
by dust surrounding it and along the line-of-sight. 


Supernova Remnants 


Material ejected from supernovae becomes part of 
the interstellar medium. Moreover, the ejected mat- 
ter sweeps up any surrounding gas and dust as it 
expands; this produces a shock wave that excites 
and ionizes the gas, which then becomes visible as 
an emission nebula. X-rays emitted by supernovae 
are also instrumental in ionizing nearby gas. Su- 
pernova remnants are radio emitters because of 
their synchrotron radiation. The Loop Nebula in 
Cygnus is such a remnant (Figure 15-9). Note that 
it looks spherical—a shell produced by the inter- 
action between the interstellar medium and a su- 
pernova shock wave. 

The huge shock waves plow through the inter- 
stellar gas and heat it to temperatures of at least a 
few million kelvins in the zone just behind the 
wave. This gas emits X-rays by free-free emission 


Figure 15-9 Optical image of a supernova remnant in 
Cygnus. The Loop Nebula is as seen in red light. (Pal- 
omar Observatory, California Institute of Technology) 


because it has such a high temperature. The X-ray 
pictures of certain remnants, such as Tycho’s SNR 
(Figure 15-10B) typically show symmetrical shells 
with variations in brightness around their rims— 
an indication of the patchy structure of the sur- 
rounding interstellar medium. Radio observations 
‘Figure 15-10A) show a similar structure as the ex- 
panding material interacts with new material. Ty- 
cho’s SNR, which is about 400 years old and so one 
of the youngest supernova remnants, has a diam- 
eter of about 13 pc and an Ly (0.2-2keV) ~ 4 x 
107? W. SNRs provide most of the energy input to 
the ISM. 


@ Planetary Nebulae 


Planetary nebulae differ from HII regions in that 
they are more compact and of higher surface 
brightness and have a different exciting source. 
When seen through a telescope, a planetary nebula 
appears as a round, greenish disk that superficially 
resembles a planet—hence the name. Closer ex- 
amination reveals that the nebula is excited by a 
very hot central star. Gas densities in the nebulae 
surrounding these stars are higher than in HII re- 
gions; hence, collisions between electrons, atoms, 
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(B) 


Figure 15-10 Tycho’s SNR at radio and X-rays. (A) Ra- 
dio observations at 11 cm. (D.A. Green and S.F. Gull) (B) 
X-ray image of Tycho’s supernova remnant by Einstein; 
energy range is 0.3-3.5 keV. Note the spherical shape 
and overall similarity to the radio image. (P. Gorenstein 
and F. Seward, Einstein Data Bank, Center for Astrophysics) 


and ions occur more frequently. Collisional excita- 
tion and de-excitation are therefore significant, so 
that spectra of planetaries differ in important ways 
from those of HII regions, mainly by emission 
from forbidden lines. This situation resembles cor- 
onal forbidden lines [Section 10-4(C)] except that 
in the solar corona the forbidden lines arise from 
ions that have lost nine or more electrons, whereas 
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Figure 15-11 The planetary nebula, called the Helix 
Nebula. (National Optical Astronomy Observatories) 


in planetary nebulae only one or two electrons 
have been removed. 

A large shell (or shells) is visible, and the emis- 
sion lines show velocities of expansion of some tens 
of kilometers per second. 

A substantial fraction of all stars probably go 
through the planetary-nebula stage after their AGB 
phase and before they become white dwarfs. The 
small number of observable planetaries results 
from the short duration of this stage, which lasts 
only some 50,000 years. The star develops into a 
planetary nebula when a nebula of material is 
ejected from the central star during the contraction 
that terminates the red-giant stage. The extended 
envelope includes so much of the former star that 
what is seen as the central star was formerly the 
core (Figure 15-11). The central star is very hot and 
so radiates strongly in the ultraviolet; hence, the 
atoms and ions in the envelope fluoresce. The cen- 
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tral stars generally have estimated stellar masses 
that range from 0.5 to 0.7Mo, and estimates of the 
mass contained within the envelopes range from 
0.1Mo (or less) to 0.5Mo. 


Interstellar Radio Lines 


The Neutral-Hydrogen Line at 21 cm 


Where interstellar atomic gas is cold, hydrogen is 
neutral and in its ground state. This ground state 
has two levels separated by a very small energy 
difference. The reason for this phenomenon lies in 
the fact that both the proton and the electron have 
an intrinsic spin. A moving charge produces a 
magnetic field. Because both the proton and the 
electron are charged particles, their spin motion 
generates a dipolar magnetic field (like the field of 
a tiny bar magnet) that we can characterize by the 
term magnetic moment. The magnetic moment of 
a spinning particle is represented by a vector, 
which is proportional to the vector angular mo- 
mentum of the particle. 

Two possible ground-state configurations of 
the neutral hydrogen atom exist (Figure 15-12). In 
one configuration, the magnetic-moment vectors of 
the proton and electron are parallel, or aligned; be- 
cause vectors add (Appendix 9), a high state of 
magnetic energy is present. Just as two parallel bar 
magnets will repel one another, so, too, will the 
proton and electron be less tightly bound to each 
other in their mutual orbits. If the magnetic- 
moment vectors are antiparallel, or opposed, we 
have the second configuration, which is character- 
ized by less magnetic energy and a more tightly 
bound orbit. Since the aligned state lies at a slightly 
higher energy than the opposed state, we refer to 
this effect as the hyperfine splitting of the ground 
state of the hydrogen atom. A spontaneous transi- 
tion from the higher hyperfine state to the lower 
one can occur, accompanied by a relative spin flip 
of the electron (from aligned to opposed) and the 
simultaneous emission of a very-low-energy pho- 


Figure 15-12 Spin alignment for 

& ) hydrogen. The spins of the proton 
and electron can be either aligned 
(left) or antiparallel (right), which 
is the lower energy state. 


ton. This emission produces the 21-cm radio spec- 
tral line of neutral hydrogen at a frequency of 
1.420406 GHz. 

When hydrogen atoms collide in the interstel- 
lar medium, they generally exchange their elec- 
trons; this collisional transfer is the chief mode of 
changing the hyperfine states of these atoms. If the 
spin of the newly acquired electron has the same 
orientation as the old, no change in energy level 
occurs; otherwise, there is a change in level (either 
up or down). In other words, collisions may result 
in no change, in excitation, or in de-excitation. A 
change in either direction takes place about once 
every 400 years for a given interstellar hydrogen 
atom. On the other hand, an atom in the excited 
hyperfine state makes a spontaneous downward 
transition followed by the emission of a 21-cm line 
quantum only once every few million years (on the 
average) because this transition is strongly forbid- 
den. Numerous collisional excitations and de-exci- 
tations (of the hyperfine levels) occur in the in- 
terim. Eventually, an equilibrium is established 
with an aligned-to-opposed ratio of 3:1, but over 
distances on the order of a kiloparsec, an enormous 
number of hydrogen atoms lie along a line-of-sight 
in spite of the exceedingly low gas densities in our 
Galaxy. Among these atoms, enough downward 
radiative transitions occur to produce a detectable 
21-cm spectral line. The profile of the 21-cm line 
often has Doppler-shifted several peaks; this indi- 
cates that the gas is concentrated in discrete re- 
gions, such as spiral arms, rather than distributed 
smoothly throughout the Galaxy. 


Molecular Lines . 


Interstellar molecules range from simple mole- 
cules like CO, CN, and OH to such complex or- 
ganic molecules as formaldehyde (HzCO) and 
methanol (CH3OH), all found by searching for 
spectral lines at radio wavelengths. These mole- 
cules (Table 15-1) let us probe dense clouds of gas 
and dust, some of which contain protostars. The 
study of these molecules will eventually lead to a 
better understanding of the chemistry of the inter- 
stellar medium. For many people, however, the 
most exciting aspect of the molecules concerns their 
implications with respect to life outside the Solar 
System. Molecules of HO, NH3, HCN, H2CO, 
HC3N, and HNCO are used in laboratory experi- 
ments to synthesize amino acids and nucleotides, 
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the building blocks of life. The fact that these mol- 
ecules exist in interstellar space indicates that their 
formation does not require biological conditions. 

Although grains make up a very small fraction 
of the total interstellar medium, they influence the 
form of the gas. Grains are probably the sites of 
molecule formation for some of the simpler mole- 
cules—at least H2. Their surfaces act as catalysts by 
allowing atoms (or simple molecules) to stick to 
them so that there is time for a second atom to 
land, interact, and form a molecule that then evap- 
orates back into the gas. Dust grains also shield 
molecules from dissociating ultraviolet radiation, 
thus letting the molecule population build up 
within a cloud. 

The first molecule to be detected by radio was 
the hydroxyl radical OH, in 1963, after the char- 
acteristic spectral frequencies had been firmly es- 
tablished in the laboratory. Four transitions near a 
wavelength of 18cm (frequencies of 1612, 1665, 
1667, and 1721 MHz) occur because of the splitting 
of the ground level of the OH molecule. Molecules 
appear to be connected with dust because OH, 
H2CO, and CO lines are fairly widespread and 
found in large dust clouds. Many of these dense 
clouds lie in the direction of and are connected to 
HII regions; the Orion Nebula is a prime example. 
The number densities in such clouds are estimated 
as 10° to 10/2 H, molecules/m?, other molecules 
are, of course, far less abundant although more 
readily observed. The cloud temperatures are low, 
usually 10 to 30 K and sometimes as high as 100 K. 
(Note that we cannot observe Hp directly by radio 
because it emits no lines in that wavelength range. 
Instead, we observe CO and assume that it acts as 
a good tracer of Hp.) 

Although some interstellar molecules, such as 
carbon monoxide, pop up almost everywhere in 
the Galaxy, most are concentrated in dark, dense, 
cold conglomerates called molecular clouds. The 
higher densities here result in more frequent 
atomic collisions that make molecules, and the dust 
in these clouds shields out the ultraviolet light that 
destroys molecules. The net result is a high concen- 
tration of many kinds of molecules in dense clouds. 
Although the chemical reaction networks that cre- 
ate the wide variety of molecules is extremely com- 
plex, simple molecules (with 4 atoms or less) form 
in cool clouds by a sequence of two-body, ion-mol- 
ecule processes in the gas phase. The initial ioniza- 
tion is provided by interstellar UV for diffuse 
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Selected Interstellar Molecules 


TABLE 15-1 


clouds or by cosmic rays for dense clouds. H II re- 
gions often lie near or within these clouds. The 
Orion Nebula sits at the front of one of the nearest 
molecular clouds, as we view it from Earth. This 
cloud consists of two parts: a large, low-density 
cloud (inferred from carbon monoxide emission) 
surrounding a dense, small core (inferred from 
formaldehyde, H2CO, emission). The low-density 
cloud has an enormous extent: it is at least 10 pc 
across, has a peak density of 10? hydrogen mole- 
cules/m3, and contains at least 10* solar masses of 
material. Its core is only 0.15 pc in size, has a peak 
density of 101! hydrogen molecules/m?, and a 
mass of only 5Mo. 


Giant Molecular Clouds 

The Orion region presents an excellent example of 
a giant molecular cloud. Observations so far indi- 
cate that the bulk of the material of the interstellar 


The Interstellar Medium and Star Birth 


medium is bound up in complexes of giant molec- 
ular clouds. Typical properties are: 


1. They consist mostly of molecular hydrogen; 
many other molecules are present but make up 
only a small fraction of the mass. 


2. The cloud complexes have average densities of 
a few hundred million molecules per cubic me- 
ter; the individual clouds are slightly denser, 
with a few billion molecules every cubic meter. 


3. They have sizes of a few tens of parsecs. 


4. The total masses of the complexes range from 
10* to 107Mo; 10°Mo is typical. Masses of indi- 
vidual clouds are about 1000Mo. 


The cores of these clouds are unusual places com- 
pared with the average interstellar medium. Here 
the temperatures are a frigid 10 K and the densi- 
ties get as high as 10!? molecules m3. Giant H II 
regions, which surround young, massive stars, are 


always found near molecular cloud complexes. 
This proximity suggests that giant molecular 
clouds play the essential role in the process of star 
formation. 


Molecular Masers 


Most of the radio molecular lines are emission lines 
from rotational transitions [Section 8-3(C)]. Emis- 
sion requires that the molecules be excited above 
the ground state by some mechanism. For example, 
OH lines appear in emission from parts of bright 
HII regions. Some, but by no means all, OH 
sources show strong H2O emission as well. The 
H,0 emission is variable, with intensity changes 
occurring in periods of months or days. Although 
also variable, the OH radiation changes far less er- 
ratically. Superimposed on some HII regions are 
several groups of OH emission regions separated 
by distances of only a few astronomical units. 

The emissions from these small OH and H,0 
regions far exceed that expected from thermal ex- 
citation by collisions, which would require temper- 
atures as high as 10° K. The energy levels of the 
molecules are apparently subject to population in- 
version, by which we mean that more molecules 
are in the upper levels than in lower levels; hence, 
the Boltzmann equation [Section 8-4(A)] is vio- 
lated, and thermal equilibrium does not exist. A 
maser (microwave laser) results from these inver- 
sions. Some mechanism (several have been pro- 
posed but none agreed upon) pumps the molecules 
into the appropriate excited state. Atoms or mole- 
cules in a gas are excited to some particular energy 
state and then stimulated to fall to a lower energy 
state at a more rapid rate than normal. 

We illustrate the maser process with a hypo- 
thetical three-level molecular laser (Figure 15-13), 
with levels numbered 1, 2, and 3 in increasing en- 


Excited Level 


De-excitation 


& 
é 
e 


Maser Transition 


Increasing Energy 


1 


Ground State 


Figure 15-13 Energy-level diagram for a hypothetical 
three-level maser. 


15-2 Interstellar Gas 297 


ergy. A molecule in the ground state, 1, is excited 
to the highest level, 3, either by colliding with an- 
other particle or by absorbing radiation. This pro- 
cess is called pumping a maser or laser. Assume 
that from level 3 the most probable transition when 
the molecule gives off a photon is to level 2, which 
is relatively stable; the probability of dropping to 
level 1 is relatively small. The pumping puts many 
molecules into level 2. Imagine that a photon with 
energy equal to the difference between levels 1 and 
2 comes close to such an excited molecule. It trig- 
gers the molecule’s drop from level 2 to 1, sending 
off another photon, which has the same energy as 
the original photon and is moving in the same di- 
rection. The electromagnetic field of the photon 
promotes emission of a photon equal in energy to 
the incoming photon. This process is called stim- 
ulated emission. The two photons now can stim- 
ulate two more molecules to radiate. The resulting 
four photons can trigger four more molecules to 
radiate, making a total of eight photons, and so on. 
The chain reaction amplifies the original photon 
millions of times as the photons travel through the 
gas. As a result, a maser’s light is intense, narrowly 
directed, and at a single frequency. 

Consider this maser process in OH (Figure 
15-14). This radical is pumped, probably by infra- 
red photons, to level 5. The possibilities for tran- 
sitions to lower levels are such that the natural de- 
cay in energy leaves most molecules in level 3. The 
molecules can then be stimulated to drop to level 
1 and emit a 1665-MHz photon; another possible, 
but less likely, drop is to level 2, with the emission 
of a 1612-MHz photon. This, in fact, is what is seen 
in sources such as the Orion Nebula. Other cosmic 
masers are water at 22,235 MHz (1.35 cm) and sil- 
icon monoxide at 43,122MHz (6.95mm) and 
86,243 MHz (3.47 mm). 

Many hydroxyl and water interstellar masers 
tend to be found near giant molecular clouds. The 
regions of maser emission are extremely compact— 
only a few tens of astronomical units across—and 
very dense. They turn out to be signposts of incip- 
ient star birth. 


Intercloud Gas 


Optical observations of interstellar absorption lines 
and 21-cm data indicate that a large fraction of the 
interstellar gas consists of cool clouds along with 
denser molecular clouds. The HI clouds have di- 
ameters up to a few tens of parsecs, temperatures 
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Figure 15-14 Energy-level diagram for maser transi- 
tions of OH. 


around 100 K, and densities of 10° atoms/m‘°. Fill- 
ing the space between these clouds is an ionized 
gas, some of which is very hot. Radio observations 
indicate one partially ionized component at 10,000 K 
with a mean density of 104 ions/m%, roughly. Ul- 
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traviolet and X-ray observations reveal a hotter 
component at 10° K—called the coronal interstellar 
gas. It appears to occupy the largest volume of lo- 
cal interstellar space. 


The Evolution of the Interstellar Gas 


Driven by star birth and death, the interstellar gas 
evolves in various forms. Supernovae play an im- 
portant role in interstellar gas dynamics. Recall that 
a supernova blasts a tremendous amount of energy 
(about 1044 J) and material (1 to 50 solar masses) 
into space. The material blown off by a supernova 
expands as a shell into the interstellar medium. The 
expanding shell compresses and heats up the in- 
terstellar gas; behind the shell the gas is left hot 
and rarefied. It is so hot, in fact, that not only is all 
the hydrogen ionized, but also very highly ionized 
species such as O VI are formed. The supernova 
shells are large structures, a few of them hundreds 
of parsecs (up to 3 kpc) in diameter (Figure 15-15). 
As these sweep through the interstellar gas, they 
heat it to about 50,000 K and thin it out to a low 
density. In the process, they distort and destroy ex- 
isting cool interstellar clouds. These large expand- 
ing shells may power the evolution of a large frac- 
tion of the interstellar gas. 

Consider the interstellar medium as containing 
several major components, which may evolve from 
one to another as the imbedded stars go through 
their various life stages: 


Figure 15-15 Filaments and shells of HI in the interstellar medium. This 21-cm map 
shows the large-scale structure of the interstellar gas, probably from supernova explo- 
sions. The bar through the center marks the galactic plane; the view extends 60° above 


and below the plane. (C. Heiles) 


1. HII regions. Zones of glowing, ionized hydro- 
gen surrounding young, hot stars (spectral types 
O and B); contain a minor amount of the inter- 
stellar gas, perhaps 10 million solar masses total 
in the Galaxy; temperature about 10‘ K; density 
about 10° H II/m’. 


2. HI regions/diffuse neutral clouds. Clouds of cool, 
neutral hydrogen roughly 5 pc in diameter and 
each containing about 50 solar masses of mate- 
rial; total mass in Galaxy may be 3 billion solar 
masses; temperature about 100 K; density about 
108 atoms/m’. 


3. Molecular clouds. Small to huge, containing 
mostly molecular hydrogen (Hz); total mass of a 
few billion solar masses; temperature as low as 
10 K; density about 10? molecules/m? or greater. 
Although they occupy less than 1% of the inter- 
stellar space, they contain a substantial portion 
of the matter that constitutes the interstellar me- 
dium. Stars form out of the dense molecular 
clouds, some fragments of which develop into 
HII regions. 


4. Intercloud medjum. A relatively hot gas com- 
posed largely’ of neutral hydrogen (and there- 
fore observable at 21 cm) plus about 20% ionized 
gas, including electrons (observable in the radio 
continuum). This gas surrounds the cooler in- 
terstellar clouds and fills about 20% of the vol- 
ume; temperature from 5000 to 10,000 K; density 
about 3 X 10° atoms/m? and 5 X 10* elec- 
trons/m?. 


5. Coronal gas. A very hot (10°K), low-density 
(<10* particles/m?), ionized gas that permeates 
the rest of interstellar space and occupies well 
over half of it, perhaps as much as 70%. 


15-3 
STAR FORMATION 


We now turn to the interstellar medium as a star- 
forming factory to tie together some pieces of the 
observational picture. We divide the topic into 
massive (ten or more solar masses) and solar-mass 
star births. Massive protostars have greater lumi- 
nosities than solar-mass ones, and once they reach 
the main sequence, massive stars ionize the gas 
around them. The ionized gas is detectable by radio 
telescopes. Because this action takes place cloaked 
by dust, only infrared and radio observations allow 
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inspection of stellar wombs. Recall that we call the 
general class of protostellar and pre-main-sequence 
stars, visible directly or not, young stellar objects 
(YSOs). 


Basic Physics 


Section 16-3(A) showed the basics of gravitational 
collapse and the application to protostars—that is, 
the time scale for collapse. Here we will review the 
basic physics of star formation before we address 
the central issue: angular momentum and how a YSO 
sheds it. 


Size Scale for Collapse 
Let’s apply the virial theorem, 2Etherma) = —U, 
where 

Ethermal = NkT 


if N is the total number of particles in the cloud. 
We approximate the gravitational potential energy 


by 
U ~ —GMm/R ~ —GM?/L 

where the mass attracts itself and L is the size scale 
of the collapsing region. If the initial cloud is all 
molecular hydrogen, then N = M/2my, and the 
virial theorem gives 

2(M/2my)kT ~ GM2/L 

kT/my ~ GM/L 


but for a uniform spherical cloud, M = (41r/3)pL3, 
so that 


kT/mpy ~ Gpl? 
or 
L ~ (kI/mpyGp)/? « (Tip)/? 
If we evaluate the constants 


L ~ 107 (T/p)!/2 (15-9) 


where the units are meters. For the coldest regions 
of a giant molecular cloud, T ~ 10K and p ~ 
107 kg/m3, so L ~ 105m or 0.1 pc. The mass 
within this volume is roughly M ~ L3p ~ 10°° 
kg ~ solar mass. Hence the size and mass scales 
are of the right order of magnitude to form a star 
like the Sun. 
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Time Scale for Collapse 


Imagine an interstellar cloud of dust and gas with 
sufficient mass to contract gravitationally. During 
the collapse (assumed pressureless, so particles 
don’t collide), material at the cloud’s center in- 
creases in density faster than at the edge. Because 
of the density increase, the collapse time at the cen- 
ter is decreased; it collapses faster, grows denser, 
and so collapses still faster. The rest of the cloud’s 
mass is left behind in a more slowly contracting 
envelope. This part of the collapse takes place in 
free fall. 

Let’s work out free-fall collapse explicitly. Con- 
sider a test particle of mass m at the edge of a cloud 
of mass M, radius R, and initial density po. Imagine 
that the particle falls straight into the center, so 
that it follows an elliptical orbit of semimajor axis 
a = (1/2)r and e = 1. Then 


M = (4/3)nR3po = (4/3)7(2a)?p9 = (32/3) 7a% po 

so that Kepler’s third law, 
P?/a> = 417/GM 

becomes 
P = (31/8Gpo)'/? 

The free-fall time tr equals half this time P, so that 
ty = (32r/32Gpo)'/2 

or, if we evaluate the constants, 


trp = (6.44 X 10*)/p9'/? s (15-10) 


for pp in kilograms per cubic meter. For the cloud 
considered here, pp ~ 107 kg/m%, so that 


ty = (6.64 X 104)/(10-45)!/2 = 105 years 


Angular Momentum: 
Collapse with Rotation 


Interstellar clouds rotate at least a bit. An isolated 
rotating cloud must conserve angular momentum. 
As the cloud collapses, each particle moves closer 
to the axis of rotation, and the cloud must rotate 
faster. At some point, the rotational velocity may 
become so high that the centripetal acceleration 
v?/r balances the gravitational force per unit mass, 
and the collapse halts. Note that it is the distance 
from the axis of rotation, not from the center of the 
cloud, that determines the angular momentum. A 
particle that starts out near the rotation axis can fall 
a large distance toward the center without chang- 
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ing its distance from the axis much at all, and it 
will be able to move much closer to the center be- 
fore its rotational velocity is high enough to stop 
it. Those parts of the cloud originally near the ro- 
tation axis will collapse more than those near the 
equator, and the cloud will flatten into a disk. 

Let’s apply the conservation of angular mo- 
mentum to the simple case of a cloud of radius 0.1 
pc and mass of one solar mass (as before), with an 
initial equatorial speed of 1 km/s. We assume no 
mass loss, so that the initial and final masses are 
the same. Then 


™ jr, = MfUste 
and 
Of = Vi (i/%) 
1km/s 3 X 10!5m/7 x 108 m) 
=~ 5 x 10°km/s 


which is greater than the speed of light! Therefore, 
a protostar must shed angular momentum before 
it becomes a main-sequence star. 

The addition of spin to theoretical models of 
protostar collapse makes the calculations much 
harder and the results less conclusive. One key 
point emerges: in some cases, a ecard core of 
rings of material results. These rings turn out to be 
unstable in some instances, and they break up into 
several blobs. Sometimes these blobs coalesce into 
fewer ones; usually two or three remain. If each 
blob eventually becomes a star, we then have a nat- 
ural explanation for the occurrence of multiple star 
systems. 


Magnetic Fields 


Now let’s apply the conservation of magnetic flux 
to the collapsing star. We have the magnetic flux, 
® (SI unit: weber) 


® = ar7B 
conserved, so that the magnetic field strengths are 
related by 
B,/B; = (r,/4)* (15-11) 


Using the same parameters as before, we include 
that the average interstellar magnetic field has 
B ~ 107!°T, so 
B,/B; = (3 X 104°/7 x 108)? 
By = 10° T (2 x 1015) ~ 10°T 


ll 


So we will have a highly magnetic disk at the end 
of the collapse. Hence, we could solve two prob- 
lems if we can diffuse the magnetic field and re- 
duce angular momentum together. The bottom line 
of the basic physics is that starbirth involves a mag- 
netic disk around a YSO that could be dispersed 
by strong stellar winds collimated by the B field. 

Let’s now examine the observational evidence 
for this concept—evidence that comes primarily 
from radio and infrared astronomy. 


@ Molecular Outflows and Star Birth 


Observations of molecules around YSOs have re- 
vealed high-speed (30-100 km/s) flows of gas. 
Doppler-shift measurements show that these flows 
tend to be bipolar: two streams moving in opposite 
directions—they are bipolar outflows. The bipolar 
flows carry considerable mass and can span a few 
Parsecs; so enormous amounts of energy push 
them along. The exact source of that energy and 
the origin of the flows are a puzzle at the moment. 
Such outflows do appear to be associated with the 
birth of stars. / 

The flows show up as the expanded widths, 
from Doppler shifts, of molecular lines such as CO 
(Figure 15-16). The redshifted side is called the red 
wing; the blueshifted side, the blue wing. For the 
Orion Nebula, for instance, the total width of the 
CO line is 127km/s (Figure 15-16). The total 
kinetic energy in such an outflow of molecular gas 
is about 104°J; and the power is some 2600Lo. 
Hence, these flows are very energetic and pump 
significant amounts of energy into the surrounding 
molecular cloud. 

One model to explain the outflows envisions a 
YSO still accreting material around a central core. 
Surrounding the star is a dense disk or torus of gas 
and dust, which is rotating and highly magnetized 
(Figure 15-17). The gas is ionized out to large dis- 
tances by UV radiation produced on the core. A 
hydrodynamic wind results, with the disk natu- 
rally channeling the flow of the stellar wind so that 
it streams out along the rotation axis of the disk, 
making two streams containing an ionized and a 
neutral flow. When these two streams push enough 
material outward, two opposing lobes of gas form 
as the flows strike the surrounding medium. The 
outflows can reach 10-4 to 10-° Mo /year and eas- 
ily carry away angular momentum to brake the ro- 
tation in 10° years. The disks around massive YSOs 
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Figure 15-16 Evidence for molecular outflows. Obser- 
vations of the !2CO line from Orion; the vertical scale is 
the flux, given in units of antenna temperature (T,). The 
horizontal scale is the velocity relative to the local stan- 
dard of rest (Visr). The top part of the figure gives the 
complete line profile. The bottom part shows the base of 
the profile on an expanded scale. At a level of T, = 
100 mK, the full width of the line (AV) is 127 km/s. 
(J. Bally and C.J. Lada) 


might have densities on the order of 10‘4/m?, ro- 
tational speeds of a few kilometers per second, and 
sizes of about a few parsecs. The disks act as fly- 
wheels that convert accretion energy into that of 
outflows, and so shed the original angular momen- 
tum of the system. 

The discovery of these two-sided flows strongly 
hints that disks of material typically form around 
stars during their formation. It is from such disks 
that planetary systems might form. So we have a 
clue that the nebular model for planetary formation 
might operate elsewhere in the Galaxy. 


The Birth of Massive Stars 


The birth of a massive star has specific hallmarks, 
in the radio and infrared. First, stars condense from 
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molecular clouds (visible by their emission at mil- 
limeter wavelengths). Second, the free-fall collapse, 
at its early phases, heats the dust to low tempera- 
tures, roughly 30 to 50 K. This dust emits infrared 
radiation that peaks at roughly 10 «xm. Third, as the 
protostar forms, the temperature of the interior 
dust reaches about 1000 K and therefore emits with 
a peak at 3m. The exterior dust is cooler, still 
about 100 K. So the spectrum shows the combina- 
tion of two blackbody peaks, one near 3 wm and 
the other near 30 um. Fourth, as the protostar 
reaches the main sequence, it ionizes the hydrogen 
gas, and a compact H II region develops, most eas- 
ily observable at microwave wavelengths. Fifth, the 
hot, ionized gas expands. The dust, pushed out- 
ward, is cooled; it emits with a peak in the far in- 
frared, but less intensely. When the dust has been 
pretty much dissipated, the HII region emits a 
weak continuous spectrum of radio waves. Finally, 
the HII region expands enough to blow off its 
dusty cloak, and the star appears to optical view. 

With this scenario in mind, consider star for- 
mation in the Orion region, a part of the Galaxy 
especially rich in GMCs. The one we will focus on 
is the denser part of the GMC behind the Orion 
Nebula; it is called OMC1. The whole cloud is very 
clumpy, each clump about a parsec in size and con- 
taining a few tens to hundreds solar masses of ma- 
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Figure 15-17 A model for bi- 
polar outflows from a rotating, 
magnetized disk around a proto- 
star. This view shows the central 
region of the disk surrounding 
the protostar core, which is still 
accreting material. The ionized 
part of the disk and surrounding 
material has magnetic field lines 
threaded through it (RE. 
Pudritz) 
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terial. IRAS observations revealed the overall scene 
of star formation here (Figure 15-18). 

Let’s focus in on the Orion/Nebula (Figure 
15-19). The HII region around the Trapezium 
marks the oldest (most evolved) part of the region; 
it lies like a hot blister in front of OMC1, and grad- 
ually eats away at the molecular cloud. The Tra- 
pezium cluster consists of a few hundred stars, 
optically visible, within 0.3 pc of each other; it is 
the O and B stars of this group that ionize the gas. 
These massive stars are no more than 1 million 
years old; they are the youngest subgroup of the | 
Orion OB association. In an evolutionary sense, the 
molecular cloud core (size ~ 0.05 pc, mass ~ sev- 
eral solar masses) that lies behind the Orion Nebula 
is the youngest part of the region. 

Near-infrared observations from HST show the 
strongest emission from OMC1 is associated with 
the Becklin-Neugebauer (BN) object, a massive 
young star (Figure 15-20). Many point sources lie 
in the cluster, with separations of a few thousand 
AUs. Many maser sources also mark the region. 
The infrared emission is highly polarized (up to 
50% at 3.8 wm), an indication of a very dusty infra- 
red reflection nebula at the center. Molecular ob- 
servations show both high-velocity outflows here, 
up to 150km/s. The flows shock Hz in the sur- 
rounding gas, which then emits at 2 wm. Overall, 
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Figure 15-18 IRAS composite image of the star-form- 
ing regions in the neighborhood of Orion. The strongest 
regions of infrared emission coincide well with the dens- 
est regions of the molecular clouds. Note the strong emis- 
sion from the Orion Nebula. (NASA) 


the region is messy, with small fingers, bullets, and 
arcs created by the starbirth process. 

Putting these observations into a coherent pic- 
ture invites some speculation about the intricate 
structure of OMC1; here’s a working model (Figure 
15-21). An extended ridge cloud lies north and 
south of the infrared sources; within it are several 
dense clumps—perhaps incipient protostars. The 
energetic core region contains several infrared 
sources (of which IRc2 appears to drive the pow- 
erful outflows). Along with the ‘outflows from BN, 
the Hz gas at the edges of the central cavity are 
excited by shock fronts. The hot core source may 
be a remnant from the collapse that made BN. We 
see this complexity because OMC1 is so close to us 
that we can resolve the different regions. 

The situation in Orion and other regions where 
HII regions abut giant molecular clouds supports 
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Figure 15-19 The Trapezium region of the Orion Neb- 
ula. Short-exposure optical image, showing the core of 
the H II region in which the Trapezium cluster is embed- 
ded (arrow). (Lick Observatory) 


Figure 15-20 A near-infrared HST image of OMC1 in 
Orion. The left-hand image is in visible light (taken by 
the WFPC2); the outlined area shows the region of the 
infrared observations on the right (taken with the new 
Near Infrared and Multi-Object Spectrometer, NIMCOS). 
The brightest source near the center is the Becklin- 
Neugebauer (BN) object, one of the first infrared sources 
identified from ground-based observations. (WFPC2 
image by C. R. O'Dell, S. K. Wong and NASA; NIMCOS 
image by R. Thompson, M. Rieke, S. Stolovy, E. Ericson, and 
S. Colgan and NASA) 
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Figure 15-21 A model of the star formation interac- 
tions in the core of OMC1. Powerful outflows have cre- 
ated a cavity in the molecular cloud around IRc2 and 
BN. (W.M. Irvine, P.F. Goldsmith, and A. Hjalmarsson) 


a scenario of sequential star formation within them. 
Massive star formation begins at one end of the 
giant molecular cloud (Figure 15-22). (Such clouds 
tend to be elongated and cigar-shaped.) A small 
group of about ten OB stars forms. They evolve to 
the main sequence. Their ultraviolet radiation then 
dissociates hydrogen molecules around them and 
ionizes the gas. The HII region, because it is hot, 
expands, pushing a shock wave into the molecular 
cloud. The gas behind the shock wave is com- 
pressed to densities sufficient to start gravitational 
collapse. A new group of OB stars is born about 1 
million years after the previous one. The process 
repeats. Small groups of massive stars are born in 
a sequence of bursts across the molecular cloud. 
This model predicts that the fossil remnants of 
a molecular cloud will be a string of small groups 
of OB stars, 10 to 30 pc apart and more or less in 
the same space as the parent molecular cloud. Such 
loose groupings of OB stars, called OB associa- 
tions, are very young. Because these stars do not 
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Figure 15-22 Sequential model of massive star forma- 
tion from a giant molecular cloud. (Adapted from a dia- 
gram by B. Elmegreen and C. Lada) — 


live very long (a few tens of millions of years), the 
OB associations themselves cannot be more than 
10” years old. Many OB associations, which are 30 
to 200 pe across, consist of small clusters of stars 
called OB subgroups. These subgroups contain 4 
to 20 stars (average about 10). Within an associa- 
tion, OB subgroups are lined up in an evolutionary 
sequence. The most spread out, oldest subgroup 
lies at one end, and the most compact, youngest 
subgroup lies at the other. For example, Orion con- 
tains a large association that hds four OB sub- 
groups; the smallest and youngest subgroup is the 
Trapezium cluster. Recall that the Trapezium ad- 
joins the southern Orion molecular cloud. Here we 
see the signposts of massive star formation. 

After star formation starts at one end of a mo- 
lecular cloud, it propagates through the cloud in a 
chain reaction. But what starts the first burst of star 
formation? We don’t yet know. Perhaps it starts 
from the collision of molecular clouds or, more 
likely, from the blast wave of a supernova remnant 
crushing into an end of a molecular cloud. This 
idea is aesthetically appealing: a supernova signals 
the death of a massive star; then the mark of its 
death ignites the birth of other massive stars. 

Note also in this model that giant molecular 
clouds do not last long once star birth begins—only 
a few tens of millions of years. Because we see many 
molecular clouds now, they must form rapidly 
in order to balance their rapid destruction. Where 
and how these clouds form most likely relates 
to the spiral structure of our Galaxy (Chapter 20). 

The HST has peered into the once-hidden 
realms of star birth to confirm earlier suspicions. 
M16 is a fine example with its parsecs-long col- 


umns of cold gas and dust easily visible (Figure 
15-2). The HST focused on the tips of these col- 
umns to find stars emerging from dense, compact 
pockets of gas and dust (Figure 15-23). The ultra- 
violet photons from nearby OB stars photoevapor- 
ate the embryonic cloud, eventually inhibiting the 
growth of the protostar. 

Stars that form by themselves shed their em- 
bryonic clouds by stellar winds. In the 1950s, 
George Herbig and Guillermo Haro catalogued 
clots of nebulosity close to stars—these are called 
Herbig-Haro objects. We now know that many 
Herbig-Haro objects are produced by jets from 
YSOs (Figure 15-24), where the jets strike the am- 
bient medium. 


@ The Birth of Solar-Mass Stars 


The observational picture for the formation of stars 
like the Sun is skimpy. It does seem clear that, like 
massive stars, solar-mass stars are also born from 
molecular clouds. The questions are, in which 
clouds and how? Solar-mass stars may well form 
along with moré massive ones, as we have seen in 


Figure 15-23 HST image of M16, show- 
ing fingers of gas and dust where star for- 
mation now occurs. The tip of each finger 
is somewhat larger than the Solar System. 
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the Trapezium cluster. In this picture, most star 
birth takes place in dark, massive clouds, out of 
which OB associations form. Thus the Sun may 
have been born in an OB association, perhaps 
blasted clean by a supernova. 

Solar-mass stars may form within dark clouds, 
which are interstellar clouds containing enough 
dust to blot out the light of stars within and behind 
them. These low-density molecular clouds typically 
have temperatures of 10 K, densities about 10? at- 
oms/m?, and masses from a few tens to a few hun- 
dreds of solar masses. Infrared observations reveal 
a few tens to about 100 candidates for solar-mass 
YSOs within well-examined dark clouds. The [RAS 
survey found many warm (70 to 200 K) sources in 
molecular clouds that may be solar-mass proto- 
stars. 

The best candidates for solar-mass PMS stars 
are the T-Tauri stars [Section 18-3(A)]. These lie 
above the main sequence on an H-R diagram and 
have ages of 10° to 10’ years; most range from 
10° to 3 X 10° years. Recently, X-ray observations 
have identified a new class of T-Tauri stars called 
naked T-Tauri stars (NTTS), which have large and 
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Figure 15-24 HST image of Herbig-Haro 47, showing jets from a YSO (at lower left in 
center image). The upper-left image provides a close-up view of the complex interaction 
of the jet with the surrounding medium. The lower-right image reveals the bow shock 
created at the end of the jet as it collides with local gas. (J. Morse and NASA) 


variable X-ray emission. These stars show a normal 
photospheric spectrum and active chromospheres. 
They may well represent the next stage in the ev- 
olution of T-Tauri stars, as the disk around them 
clumps into smaller agglomerations; that is, the cir- 
cumstellar environment changes. 

In summary, we can identify four main stages 
of star formation from molecular clouds: 


1. Formation of a slowly rotating cloud core. 


2. Collapse of the core into a protostar and disk, 
deep within an infalling envelope of material. 

3. A stellar wind with collimated jets and a bipolar 
outflow. 

4. Sweeping away of the circumstellar material to 
reveal the YSO; consolidation of the disk into 
planets or companion stars. 


Formation of Planetary Systems 


The discovery of the bipolar flows strongly hints 
that disks of material typically form around stars 


during their formation. From such disks, planetary 
systems might form. So the nebular model (Section 
7-6) for planetary formation might operate else- 
where in the Galaxy. 

In fact, we are now finding direct clues about 
planetary formation. Images of the nearby (15 pc) 
star Beta Pictoris (Figure 15-25) clearly show a disk 
of dusty material that extends some 60 x 10?km 
from the star. The disk shows up edge-on, by re- 


. flection of starlight from dust grains of ices and 


silicates. Spectroscopic observations show Doppler 
shifts of a rapidly rotating, clumpy cloud of gas 
making up the inner regions of the disk. The disk 
is warped, which may result from the gravitational 
influence of a planet on the inner edge of the clear 
zone. 

Observations of bipolar outflows from T-Tauri 
stars, which have about the same mass as the Sun, 
imply that many of these bodies have disks of ma- 
terials with sizes on the order of 100 AU—just what 
you would expect for nebulae out of which plane- 
tary systems can form. 
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Figure 15-25 HST image of the dusty disk around Beta Pictoris. An obscuring disk 
blocks out the light of the star. (C. Burrows, J. Krist, the WFPC-2 IDT team, and NASA) 


Finally, HST has taken images in the Orion face. The material is then blown into a comet-like 
Nebula region that show disks around some YSOs. tail by the wind from the YSO. So the formation of 
These disks appear as thick disks with a hole in the such disks may commonly accompany the birth of 
middle where the star is located. Radiation from stars. 


the hot star boils off material from the disk’s sur- 


| Key Equations & Cpncepts | Equations & Concepts 


Distance modulus with reddening Size for free-fall collapse 


m — M, = 5logd —5 + Ay L ~ (kI/mHGp)'/2. ~ 107(T/p)'/2 


Time for free-fall collapse 
ty = (32/32Gpo)'/? = (6.64 X 104)/po!/ s 


Emission measure 


n,2 dl = (np)* L 


i . Conservation of magnetic flux 
g B,/Bi = (i/%)? 


<= 


1. An AO V star has an apparent visual magnitude of 2. (a) How does interstellar reddening alter the Planck 
12.5 and an apparent blue magnitude of 13.3. spectral energy curve of a star? Sketch approxi- 
(a) What is the color excess for this star? mate curves for an A star (10,000 K) in the visible 
(b) What is the visual absorption in front of this part of the spectrum, both with and without 

star? reddening. 
(c) Calculate the distance of the star (in parsecs). (b) What effect would interstellar reddening have on 
(d) What error would have been introduced if you the color-magnitude (H-R) diagram of a star 


had neglected interstellar absorption? cluster? Draw a diagram to support your answer. 
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3. What are the observational clues to the nature of the 
interstellar dust grains, and how have these clues 
been interpreted in terms of models? 


4. Several galactic nebulae have been photographed in 
color. Two different types occur, reddish and bluish. 
(a) Explain the physics of these two types of nebulae. 
(b) Briefly describe the spectra you would expect to 

observe for these two types of nebulae 


5. Why are none of the hydrogen Balmer lines seen as 
interstellar absorption lines, even though hydrogen 
is the most abundant element in the Universe? (Hint: 
Recall the energy level diagram of hydrogen.) 


6. (a) Name the two factors that primarily determine 
the size of an H II region. 

(b) Explain the physical basis for your answer to part 
(a) in terms of the Strémgren sphere. 

(c) The brightness of an H II region depends only on 
the gas density of the nebula. Explain this phe- 
nomenon in terms of what you know about the 
hydrogen atom. (Hint: Remember the Saha 
equation.) 


7. Forbidden lines are observed both in the solar corona 
and in gaseous nebulae, but they are not the same 
forbidden lines. 

(a) How do the lines differ in the two cases? 

(b) Why are nebular forbidden lines not emitted by 
the solar corona? What about coronal forbidden 
lines for nebulae? 


8. Somewhere in our Galaxy resides a cloud of neutral 
hydrogen gas with a radius of 10 pc. The gas density 
is 10” atoms/m’. 

(a) How many 21-cm photons does the cloud emit 
every second? 

(b) If the cloud is 100 pe from the Sun, what is the 
energy flux of this radiation (in W/m?) at the 
Sun? 


9. What are the energies (in electron volts) of the pho- 
tons that characterize the 
(a) Lyman continuum limit (91.2 nm) 
(b) nebular line of [O III] at 500.7 nm 
(c) neutral hydrogen line (21 cm) 
(d) ammonia (NH3) emission (1.3 cm) 
(e) hydrogen Balmer line, Ha (656.3 nm) 


10. Using Bohr’s formula for the wavelengths of hydro- 
gen lines, calculate the wavelength and frequency of 
the radio recombination line with upper level 93 and 
lower level 92. 
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11. A pure hydrogen gas cloud of number density n = 
10” atoms/m? surrounds an O star that generates 
10* photons/s at wavelengths shorter than 91.2 nm. 
The rate at which such recombinations occur is a = 
(2 X 10719)n2/m3 - s, 

(a) Balance the number of ionizations with the num- 
ber of recombinations to determine the Strém- 
gren radius of the resultant H II region. 

(b) The Sun produces about 5 x 10° photons/s 
with A < 91.2 nm. Calculate its Strémgren radius 
in astronomical units for an interplanetary me- 
dium density of 10° atoms/m’. 


12. Approximate the Galaxy as a uniform disk of con- 
stant thickness. Show that the optical depth of ex- 
tinction by interstellar dust should approximately 
obey the law 1 « csc b (except for small b), where b 
is galactic latitude. At what galactic latitudes would 
an astronomer want to observe other galaxies with- 
out having to worry much about extinction? 


13. An open cluster of stars is found to contain main- 
sequence O5 stars with observed color indices (B — 
V) of 0.4. These O stars are observed to have appar- 
ent magnitudes of 10.0. 
(a) Use Table A4-3 to calculate the distance to the 
cluster. Include the effects of extinction by dust. 
(b) Determine the apparent magnitude of a GO main- 
sequence star in the cluster. / 


14. Consider an extended region filled with neutral hy- 
drogen gas at a density of nm, and temperature T, 
where mm, is the mass of the hydrogen atom. Now 
consider a small spherical volume of radius R inside 
this region where the density is slightly higher than 
in the surrounding region. 

(a) Show that the radius of this volume must satisfy 
the condition R = (3kT/2aGnmy*)!/2 in order for 
gravitational collapse of the denser region to oc- 
cur. (Hint: Obtain an expression for gravitational 
pressure by integrating Equation 16-1 over r.) 

(b) Obtain a lower limit for the mass of the collaps- 
ing volume. 

(c) For the general interstellar medium, we can take 
the approximate values n = 10%/m° and T = 
100 K. Obtain a numerical value for the mass 
limit in solar masses. 

(d) Is a collapsing region of the general interstellar 
medium likely to producea single star like the Sun? 


15. A star count is made on a photograph that contains 
a dark nebula. Ten times fewer stars are counted in 
front of the cloud than are found on a region away 
from the cloud with the same solid angle. For ease 
of calculation, assume that the dark cloud is com- 


16. 


17. 


18. 


pletely opaque, that the stars are uniformly distrib- 
uted in space, that all stars have absolute magnitudes 
of 5.0, and that the limiting magnitude of the pho- 
tograph is 15.0. Calculate an approximate distance to 
the cloud. 


There is indirect evidence in L 1551-IRS 5 for a 
roughly Solar System-sized disk surrounding the 
protostar. Consider the feasibility of directly observ- 
ing a Solar System-sized disk (~50 AU) at a distance 
of 150 pc by estimating the angular size of such a 
disk. Comment on your result. 


Using Figure 15-22 and an assumed average outflow 
velocity of 50 km/s, estimate the age of the molecular 
outflow associated with IRc2 in the Orion Nebula. 


Let’s examine again what conditions would result in 

the formation of the Sun. 

(a) Consider the following: A core of a giant molec- 
ular cloud has a radius of about 1 pc, a temper- 
ature between 30 and 100 K, and a number den- 
sity of some 10!°/m*. Is it likely to collapse to 
form a solar-type star? 


19. 
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(b) Small knots within cores of giant molecular 
clouds have radii of about 0.1 pc, temperatures 
between 30 and 200K, and number densities of 
some 10!2/m3. Is one more likely to collapse to 
form a solar-type star than the case in part (a)? 

(c) For the more likely case, what is the free-fall time 
of the collapse? 

(d) For the more likely case, what is the average lu- 
minosity radiated by the protostar during its col- 
lapse phase? 


Estimate the initial size of the cloud required to form 
a 50, 10, and 0.5Mo star. Compare your result for that 
of a 1Mo star and the size of the Solar System. 


. A typical T-Tauri star has a stellar wind moving at 


100 km/s and a mass loss rate of about 107” to 

10-8Mo/year. 

(a) What is the momentum lost per second by the 
wind? 

(b) The winds sweep out surrounding dust until, by 
conservation of momentum, it slows to about 10 
km/s. What is the rate at which the dust can be 
driven away? 


The Evolution 
of Stars 


tars play the central role in cosmic evolution. 

The observational characteristics of stars were 
our primary concern in Chapters 10 through 13; 
here we discuss the physical laws that govern the 
structure and evolution of stars. By suitably com- 
bining these laws into theoretical stellar models, we 
can understand the equilibrium configurations of 
stars, their evolution in time, and the astrophysical 
basis for cluster H-R diagrams. 

We will concentrate upon normal stars, which 
are in the vast majority, and return later (Chapter 
18) to rare peculiar stars with their fascinating var- 
iability. These are stars at distinct episodes in their 
evolution, for a normal star generally exhibits sev- 
eral brief phases of peculiarity during its lifetime. 
If we lived a billion years, we would see this, but 
at this instant of cosmic time we happen to catch 
most stars in their sedate states—only a few are in 
active or violent phases now. 

By its very nature, a normal star is so hot that 
it must be entirely gaseous. Let’s use the physical 
precepts applicable to stellar-sized masses to see 
how this comes about (also refer to Chapter 5 of 
the Prelude). 
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(16-1) 
THE PHYSICAL LAWS 


OF STELLAR STRUCTURE 


. @ Hydrostatic Equilibrium 


A star is held together by its self-gravitation and 
supported against collapse by its internal pres- 
sures. The simplest stellar model is a static, spher- 
ically symmetric ball of matter; any parameter of 
physical interest depends not upon time or angle 
but only upon the radial distance r from the star’s 
center. Hydrostatic equilibrium ensues when the 
inward gravitational attraction exactly balances the 
outward pressure forces at every point (r) within 
the star (Figure 16-1). As we approach the center 
of the star, the pressure steadily increases to coun- 


_—-— 


Figure 16-1 Hydrostatic equilibrium ina star. A spher- 
ical star is divided into a series of shells of thickness dr, 
each of which is in equilibrium between the outward 
pressure and weight. 


terbalance the increasing weight of the material 
that lies above. The star is in hydrostatic equilibrium: 


/ 
dP/dr = —GM(r)p()/r2 (16-1) 
Equation 16-1 appears to have three independent 
variables: P(r), p(r), and M(r), but M(r) increases by 
the amount (Figure 16-1) dM(r) = 4ar2p(r) dr 
when we add the indicated spherical shell (from r 
to r + dr). So M(r) is determined from p(r) by 


dM/dr = 47r?p(r) (16-2) 
our second fundamental equation, one of mass con- 
tinuity. If the star’s.outer radius is R, then its total 
mass is 


7=R 
M = 40 p(r)r? dr 
r=0 


(16-3) 


We have added together the masses of all the 
onion-like shells in the model star. 

Hence we need know only p(r) to determine 
first M(r) by Equation 16-2 and then P(r), the pres- 
sure profile within the star, by Equation 16-1. 
Given the star’s radius, we also find its total mass 
using Equation 16-3. 

Note the broad applicability of the concept of 
hydrostatic equilibrium (Prelude P5-2): from plan- 
ets to atmospheres to stars. 
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The Sun’s Central Pressure 


To exercise our physical intuition, let’s roughly cal- 
culate the pressure at the center of our Sun, using 
the equation of hydrostatic equilibrium. We know 
that G = 6.67 X 10°" N - m*/kg?, Mo = 1.989 Xx 
10°°kg, and Ro = 6.96 xX 108m; therefore, the 
mean solar density is (p@) = 3Mo/4mRo> = 
1410 kg/m. Taking the surface pressure as zero, 
letting r = dr = Ro, and using M(r) = Mo in 
Equation 16-1 yields 


P, ~ GMo\po)/Ro ~ 10% N/m2 


Since 1 atm = 1.01 x 105 N/m%, then the gas pres- 
sure P. ~ 10? atm; it supports the weight of the 
Sun’s mass. (See also Prelude P5-6.) 

Our computed mean solar density is slightly 
greater than that of water (1000 kg/m/?), but be- 
cause the Sun is centrally condensed, the actual 
central density is more like 1.6 X 10°kg/m?, and 
so the actual pressure is greater. The tremendous 
pressures supporting stars imply very high interior 
temperatures—high enough to maintain the gas- 
eous state. 


@ Equations of State 


To solve our stellar model requires the density pro- 
file p(r), so the composition and local state of the 
stellar materials must be examined in detail. In 
Chapter 17, you will see that quantum liquids and 
solid lattices of atomic nuclei become important 
when we consider stellar corpses (such as white 
dwarfs and neutron stars); in the vast majority of 
cases, however, stars are gaseous throughout. 

For normal stars, we assume that the material 
is a perfect gas, which obeys the perfect-gas law: 


P(r) = n(r)kT(r) (16-4) 


Here the pressure P(r) is related directly to the gas 
particle number density at r in n(r) (particles/m?), 
Boltzmann’s constant k = 1.381 x 10-73J/K, and 
the gas temperature T(r). Now n(r) can be ex- 
pressed in terms of p(r) and the gas chemical com- 
position y(r): 


n(r) = p(r)/u(r)my (16-5) 


where my = 1.67 X 10°’ kg is the mass of a hy- 
drogen atom. Recall that, in terms of the mass frac- 
tions of hydrogen (X), helium (Y), and all heavier 
elements—“metals”—(Z), the composition ex- 
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pressed as the mean molecular weight yw is 


pm = [2X + (3/)Y + (1/2)Z]1 ~ 1/2 (16-6) 


So the perfect-gas equation of state becomes 
PQ”) = p()kT(r)/m(r)mi 


As you willsee, y(r) is usually specified for a stellar 
model, so that only T(r) remains to be determined. 
In massive stars, the gas pressure is significantly 
augmented by radiation pressure: P,,q(r) = 
(a/3)T4(r), where a = 7.564 X 10-1 J/m3 - K* is 
the radiation constant. 


(16-7) 


The Sun’s Central Temperature 


By inverting the perfect-gas law of Equation 16-7, 
using the P, and (pe) values found in Section 16- 
1(A), and making the same rough but simplifying 
approximations, we estimate the required central 
temperature T, of our Sun: 


T; ~ Powmy/(po)k (16-8) 
Taking w as 1/2, we have 
T. ~ 12 X 10°K (16-9) 


which is close to the computer-determined value of 
about 14.7 million! At these temperatures, the gas 
is dissociated into ions and electrons—a neutral 
mixture termed a plasma. Our earlier statement that 
stars are gaseous spheres is consistent and true. 
The gaseous state persists throughout the star be- 
cause p(r) decreases approximately as rapidly as 
T(r) outward through the star. 


Modes of Energy Transport 


To determine T(r), consider how energy is trans- 
ported from the stellar interior to the surface, 
where it radiates away into space. The star’s self- 
gravitation forces the stellar center to be at a much 
higher temperature (roughly 15 million K for our 
Sun) than the stellar surface (about 6000 K for the 
Sun); the heat energy must flow from the higher- 
temperature regions to the lower-temperature re- 
gions (the second law of thermodynamics). 

Three processes transport energy: conduction, 
convection, and radiation. Conduction occurs 
when energetic atoms communicate their agitation 
to nearby cooler atoms by collisions; this mode 
works extremely well in solids (especially metals) 
but poorly in gases because of the low thermal con- 


ductivities. (The atoms are too far apart.) Convec- 
tion transports heat energy by means of mass mo- 
tions in fluids. When T(r) varies rapidly enough 
with distance (that is, a steep temperature gradient 
dT/dr), the fluid becomes unstable and boils. This 
process takes place in limited regions of most stars, 
with hot fluid masses rising, releasing their heat 
energy, and sinking again to pick up more energy. 
The top of such a convective zone is observed at 
the base of the Sun’s photosphere (Section 10-2). 
Unfortunately, no completely adequate mathemat- 
ical theory of convective transport has yet been de- 
vised. However, a useful and reasonable formula- 
tion of convection has been applied to stars. 

The third mode, radiative transport, is an im- 
portant means of energy flow in sections of most 
stars. Here high-energy photons flow outward 
from the star’s interior, losing energy by scattering 
and absorption in the hot plasma of the radiative 
zone. At the extreme temperatures of stellar inte- 
riors, the most important sources of such opacity 
(Chapters 10 and 13) are (1) electron scattering— 
the scattering of radiation (photons) by free elec- 
trons and (2) photoionization—the use of radiant 
energy to detach electrons from ions (Section 8-3). 

Let’s now derive the equation of radiative 
transport. At the base of a thin shéll, the spherical 
surface is essentially a blackbody emitter at tem- 
perature T(r) so that by Equation 8-40, we have the 
outward radiative flux (J/m?-s), F(r) = oT4(r), 
where o = 5.67 X 107®J/m? - s - K‘ is the Stefan- 
Boltzmann constant. At r + dr, the temperature is 
T + dT, however, and the outward flux is F + 
dF = o(f + dT)* ~ o(T* + 4T3 aT). Now dT is 
negative because the exterior of the shell must be 
cooler than its interior, so that the flux absorbed 
within the shell is 


dF = 4o0T3(r) dT (16-10a) 


’ This absorption is from the opacity «(r) of the 


shell’s material and from Equation 10-1: 


dF = —x«(r)p(r)F(r) dr (16-10b) 


Combining Equations 16-10 and defining the lu- 
minosity (J/s) by L(r) = 47r?F(r), we find that the 
total energy flow per second through a thin spher- 
ical shell is 

Li) = [—167or2T3(r)/K(r)p(r)| (dT/dr) 


The complete machinery of the theory of radiative 
transfer introduces an additional factor of 4/3 into 


(16-11) 


Equation 16-11, so that the rigorous equation of 
radiative transport is 


L(r) = [—642or2T3(r)]/[3K(r) p(n) (dT/ar) 


When the opacity is high enough, convection 
rather than radiation transports the energy through 
most of the star. The mode that operates depends 
on which is more efficient. If we let y = the ratio 
of the specific heats at constant pressure and vol- 
ume (=cp/cy = 5/3 for a fully ionized, ideal gas), 
then for convective energy transport we have 


dT/dr = (1 — 1/y)[T()/P()] dP/dr =—(16-12b) 


Either equation is used depending on the physical 
conditions in the star. 


(16-12a) 


Solar Luminosity from Radiative Transfer 
For our Sun, most of the interior conveys energy 
by radiation. A rough estimate of dT/dr is —T,/ 
Ro, which equals a gradient, —2 x 10 K/m. 
Use Equation 16-12 to estimate the solar luminos- 
ity. Setting r = Ro, T(r) = T,, and p(r) = po, we 
have 


| 
Lo © (—6470R6°T3/3Kpe)(—T-/Ro) 
= (9.5 X 102%) J/s 


(16-13) 


where we have yet to determine a reasonable opac- 
ity (m*/kg). From its dimensions, x is the interac- 
tion area per gas particle multiplied by the number 
of particles per kilogram of the stellar material; a 
mass of 1 kg of completely ionized hydrogen con- 
tains 6 X 107° protons and the same number of 
electrons. For electron scattering, the interaction 
area per electron is approximately 1073° m2; for 
hydrogen photoionization, this area per atom is 
near 10°-2°m?. In the solar interior, the latter 
opacity source dominates, so that (very approx- 
imately) 10°? < x < 107. Our prediction for 
the solar luminosity falls in the broad range 
1072 = Lo « 10°? J/s; a mean value of 1027 J/s is 
very close to the measured value of 3.90 x 
107° J/s, implying an opacity value of about 2.4 x 
10°. 


@® Energy Sources 


Because stellar luminosity represents energy loss, 
no star is perfectly static; a stellar model is, how- 
ever, an excellent approximation for times that are 
short relative to stellar evolution time. In fact, stars 
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must evolve because they lose energy to space. 
How long will the star remain in essentially steady 
state, and what energy source maintains this sta- 
bility? Geological and paleontological evidence in- 
dicates that our Sun has been radiating energy at 
a fairly steady rate for a few billion years; such 
energy generation takes place in stellar interiors. 

The rate of energy production per unit mass of 
stellar material (J/s - kg) is denoted by e(7). (In fact, 
the energy production rate also depends on tem- 
perature and density; we write e(r) as a shorthand 
for the temperature and density at r.) Now, e = 0 
except in stellar cores and in certain localized 
spherical shells. For our Sun, we estimate the av- 
erage value of € needed to maintain the solar lu- 
minosity to be 


€o ~ Lo/Mo = 2.0 X 10-4 J/s + kg 


We can find out how such energy generation 
within our thin spherical shell augments the stellar 
luminosity (Figure 16-1). The luminosity L(r) enters 
the bottom of the shell while the greater luminosity 
L + dL leaves the top—from the energy produced 
in the shell’s mass 4zr2p(r) dr. The additional lu- 
minosity is 


dL = 4mr*p(r)e(r) dr (16-14) 


Equation 16-14 expresses the balance between net 
energy lost from the shell dL and net energy gen- 
erated within the shell, an energy, or thermal 
equilibrium. 

In a quasistatic gaseous star, energy may be 
generated only by gravitational contraction and/or 
thermonuclear fusion reactions. Each process is im- 
portant at some stage in a star’s evolution. Let’s 
consider these energy sources in detail. 


Gravitational Contraction 


Gravitational potential energy can be transformed 
to kinetic energy of motion (as when a rock is 
dropped near the Earth’s surface); the bulk form of 
kinetic energy is heat. Consider a very slowly con- 
tracting star. The heat energy of its interior pro- 
vides the pressure—from the random motions of 
the gas particles—that supports the star against its 
self-gravitation. When the star contracts to a 
smaller radius, the self-gravitation increases so that 
the internal pressures (and hence temperatures and 
heat energy) must also increase to maintain ap- 
proximate hydrostatic equilibrium. The gravita- 
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tional potential energy decreases about twice as 
fast as the heat energy increases, however, and so 
to conserve the total energy of the system, approx- 
imately half of the potential energy change must be 
radiated into space—the star’s luminosity. 

This energy-conversion process may be illus- 
trated by a simple analogy. A small satellite of 
mass m moves in a circular orbit of radius r at 
speed v about a greater mass M. From Equation 
1-32, the satellite’s kinetic energy is mv?/2, and its 
gravitational potential energy is -GMm/r. Because 
the centripetal acceleration v?/r maintaining the or- 
bit is provided by the mutual gravitational attrac- 
tive acceleration GM/r? = v?/r, the kinetic energy 
mv*/2. = GMm/2r, or half the magnitude of the po- 
tential energy. If we now move the satellite to a 
smaller (stable) orbit at r — dr, the increase in ki- 
netic energy is certainly only half the decrease in 
potential energy (which becomes more negative). 
To conserve total energy (potential plus kinetic), 
the other half of the potential energy change must 
be transmitted to the agent that alters the satellite’s 
orbit—in the case of a star, this energy is radiated 
away. This result applies generally and is called the 
virial theorem. It implies that the gravitational con- 
traction of a mass results in the conversion of half 
of the gravitational potential energy to thermal en- 
ergy and half to radiative energy, that is, U = 
KE + PE = —2Ein, where Ep is the total thermal 
energy. (See Prelude P5-5.) 

What is the gravitational potential energy for a 
spherical mass? Consider a star dispersed to infin- 
ity. Bring in one shell of material, mass dM(r), at a 
time, to add to the mass M(r) at distance r’. Each 
shell adds to U by the amount 


_ =GM(r) dM(7) 
r 


du 


so that if we integrate over all shells until the mass 
M is reached: 


M 
we -{ oa 
0 
= —q(GM7/R) 


where the value of q depends on the mass distri- 
bution in the sphere. For one of uniform density, 
q = 3/5; for most main-sequence stars, g ~ 1.5. 
Let’s apply these concepts to our Sun. For each ki- 


logram of solar material, the average gravitational 
potential energy available for radiation is roughly 


GMo/2Ro = 9.54 X 10!°J/kg (16-15) 


Comparing this with es, we see that gravitational 
contraction can sustain the Sun at its present lumi- 
nosity for only 15 million years; some other energy 
source must be sought if we are to account for bil- 
lions of years of sunshine. In Section 16-3, you will 
see when gravitational contraction is important in 
stellar evolution. 


Thermonuclear Reactions 


Only after about 1938 did astronomers understand 
the thermonuclear fusion reactions that provide 
the long-term energy source of stars. In fusion, 
light atomic nuclei collide with such violence and 
frequency in the high-temperature, high-density 
stellar interior that they fuse into heavier nuclei 
and release tremendous quantities of energy (such 
as in a hydrogen bomb). We say that the lighter 
elements “burn” to form heavier elements in this 
process of nucleosynthesis. 

In atomic nuclei (Section 8-2), the strong nu- 
clear force overcomes the electrostatic repulsion of 
the positively charged protons and binds from one 
to 260 nucleons (protons and neutrons) in a region 
about 107} m in diameter. Two nuclei will fuse to 
form one larger nucleus if they approach within 
107 m of one another, but their mutual electro- 
static repulsion—all nuclei have a positive charge— 
amounts to a 1-MeV potential barrier. In contrast, 
at 10” K the average thermal energy of a proton is 
only 1 keV. Classically, protons cannot fuse be- 
cause of the strong coulombic barrier. Fusion does 
happen, however, because quantum physics allows 
the protons to tunnel through the barrier rather 
than go over it. The easiest fusion reaction involves 
two protons (hydrogen nuclei); such reactions be- 
come significant at temperatures around 10 mil- 
lion K. (For details, see Prelude P5-7.) 

The great abundance of hydrogen makes it the 
key constituent in stellar nuclear reactions. The 
next stable nucleus is helium, *He, with atomic 
weight 4. The atomic weights do not exactly match 
because the more exact atomic weight of a proton 
is 1.0078, and four of them add to 4.0312, while the 
weight of *He is 4.0026, leaving a mass defect of 
0.0286. This mass is converted to an amount of en- 


ergy given by Einstein’s equation for the equiva- 
lence of mass and energy, 


E = mc? (16-16) 


where c is the speed of light. Because a unit atomic 
weight is 1.66 x 10°” kg, the energy released by 
the conversion of four 'H nuclei to one “He nucleus 
is 


™m 
| 


= 0.0286(1.66 x 10-27)9 x 101) 
4.3 X 10712] 


We can also use Equation 16-16 to determine 
the total energy store of the Sun if we assume that 
it originally consisted of pure hydrogen, all of 
which will eventually be converted to helium. The 
mass liberated in the form of energy in this ther- 
monuclear conversion is the fraction 0.0286/ 
4.0312 = 0.0071 of the available mass of original 
hydrogen. Because only in the core are the temper- 
ature and pressure high enough to permit nuclear 
reactions, about 10% of the mass of the Sun is avail- 
able for energy conversion. So the total thermo- 
nuclear energy available in the Sun is 


Etotal = m(4*H — *He)(c*)(0.1Mo)/m(4 *H) 
0.007119 x 10**)(0.2 x 103°) 
1044 J 


v 


which, at the present solar luminosity of 3.90 x 
106 J/s, would last about 10 billion years. The best 
estimates of the age of the Solar System yield fig- 
ures around 5 billion years, so this reaction will 
sustain our Sun for another 5 billion years. 

Two different fusion processes lead to the con- 
version of hydrogen to helium: the proton-proton 
(PP) chain and the carbon (CNO) cycle. The PP 
chain dominates at temperatures lower than 2 X 
10” K, and the CNO cycle is prominent at higher 
temperatures (Figure 16-2). In the Sun, for in- 
stance, both processes take place, but the PP chain 
is the more important. The CNO cycle plays a small 
role in stars lower on the main sequence than the 
Sun but predominates in stars hotter than F stars. 

The main proton-proton chain (called PP I) 
consists of the following reactions (the energy that 
is released in each step is given in parentheses): 


1H +3H+>?7H +e + v (144 MeV) 
2H +1H—>3He + y (549 MeV) 
3He + 3He > 4He + 3H + 3H (12.9 MeV) 
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Figure 16-2 Energy-generation rates. The rates for the 
PP chain and CNO cycle are compared as a function of 
temperature for Population I stars. Note the crossover at 
about 18 million K. 


where 7H is heavy hydrogen (deuterium), whose 
nucleus contains one proton and one neutron; et is 
a positron; v is a neutrino; and y is a photon. A 
positron has the same mass as an electron, but its 
charge is positive. Neutrinos have no (small?) mass 
or charge, only energy and spin, and are therefore 
difficult to detect. Conservation of charge is main- 
tained in the first reaction by the emission of the 
positron. Note that the first two steps must occur 
twice before the last can take place and that a total 
of six protons are involved even though two are 
again released in the final step. Other reactions 
may occur instead of the last step of this chain— 
for example, 


3He + *He > 7Be + y 


Then there are two possible branches from "Be, 
both resulting in “He. All three chains operate si- 
multaneously in a star, but the PP I is the most im- 
portant; it occurs 91% of the time in the Sun, ac- 
cording to theoretical models. On the average, the 
neutrinos carry off 0.26 MeV from each reaction. 

The other PP reactions occur less frequently 
and so contribute a minor amount to the Sun’s lu- 
minosity. The PP II chain is 


I+ 3H>?H + e& + v= (144 MeV) 
1H + 7H > 3He + y (5.49 MeV) 
3He + *He > 7Be + y_ (1.59 MeV) 
7Be +e —>7Li+ vy (0.861 MeV) 
7Li + 1H > 24He (17.3 MeV) 
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with the neutrinos taking away as much as 0.86 
MeV. 

The PP III chain involves the same first three 
steps as PP II and then goes on as 


1H + 7Be 8B + y  (0.14MeV) 
8B > 8Be +e + v 
8Be — 24He (18.1 MeV) 


with the neutrinos escaping with 7.2 MeV. 

The neutrinos produced by the PP chain 
should escape the Sun without interacting with any 
solar material. Since 1965, Raymond Davis has at- 
tempted to detect high-energy solar neutrinos 
(from PP III) by means of an elaborately shielded 
tank (located far underground in the Homestake 
mine in South Dakota) filled with 100,000 gallons 
of tetrachloroethylene (C,Cl4). Although neutrinos 
react only very weakly with matter, they transmute 
some of the °”Cl in the tank to °”Ar. These radio- 
active argon atoms are then collected and counted. 
The measured neutrino flux, mainly from the 
boron-8 decays, is only one-third to one-fourth that 
predicted by current theoretical solar models. This 
discrepancy is called the solar neutrino problem. It 
has been confirmed by observations by the Ka- 
miokande II detector in Japan, which resulted in 
0.46 times the standard model flux. Neither of these 
detectors can sense the lower-energy neutrinos 
from PP I, which are thought to produce about 90% 
of the Sun’s neutrino flux. The SAGE (Soviet-Amer- 
ican Gallium Experiment) can detect these more 
abundant neutrinos, but it detects only about 60% 
of those expected from theoretical models. Because 
each of these three experiments captures different 
parts of the Sun’s neutrino energy spectrum, each 
poses a problem for the “missing” neutrinos and 
solar physics. The standard solar model that makes 
these neutrino flux predictions is well supported 
by helioseismological measurements. So the ex- 
perimental discrepancies are pushing people to 
new notions about neutrinos. The working con- 
cept so far is that neutrinos change their char- 
acter in the solar interior and transform to a 
kind of neutrino that current experiments cannot 
detect. 

The CNO cycle also converts hydrogen to 
helium, but it requires a carbon nucleus as a 
catalyst: 


PC+IHSBN+ y 

BNoBC +e + y 
BC+ tIHO™N+ y 
MN + 3H>%O+ y 

15Q YN + ef + vp 
SN + 1H C + 4He (16-17) 
Each step in the chain need occur only once to con- 
vert four protons to an alpha particle (helium nu- 
cleus). The second and fifth steps take place be- 
cause 3N and °O are unstable isotopes, with 
half-lives of only a few minutes. (Recall that half- 
life is the time in which half of the original quantity 
of an isotope has disintegrated into its more stable 
nuclear form.) The cycle starts with the reaction be- 
tween carbon and hydrogen but ends with the re- 
lease of an identical carbon nucleus; the !2C acts as 
a catalyst. Although the temperature may be suf- 
ficiently high, the CNO cycle cannot operate in a 
star unless carbon is available. 

Higher temperatures are required for the car- 
bon cycle because the coulombic barriers of the car- 
bon and nitrogen nuclei are higher than those of 
protons and helium nuclei. As a result, temperature 
dependence goes roughly as T* fof the PP reaction 
and as T?° for the carbon cycle (Figure 16-2). 

Starting at very high temperatures, around 
108 K, other reactions begin transmuting helium to 
heavier elements. Three alpha particles (tHe has 
historically been called an alpha particle) will form 
carbon: 


4He + 4He © ®Be + y 
8Be + *He > 2C + y 


(16-18) 


This reaction is known as the triple-alpha process, 
the first stage of helium burning. The intermediate 
beryllium-8 is not very stable, and the back reaction 
occurs readily. Nevertheless, an equilibrium is es- 
tablished where some 8Be takes part in the second 
step. Light elements other than hydrogen, helium, 
and carbon are rare deep inside stars because such 
elements (deuterium, lithium, beryllium, and 
boron) quickly combine with protons at tempera- 
tures of only a few million degrees to form one or 
two helium nuclei—for example, 


7Li + 1H > 24He 


The triple-alpha and other helium-burning re- 
actions play a major role in the evolution of stars. 
The advanced nuclear burning stages, which op- 
erate at higher temperatures and densities, involve 
complex reaction networks. The general sequence 
is: carbon, neon, oxygen, and magnesium burning. 
These reactions make it possible to start with stars 
of pure hydrogen and eventually produce most 
heavy elements up to iron, which has the highest 
binding energy per nucleon. Further fusion thus re- 
quires the input of energy. 


16-2 
THEORETICAL STELLAR MODELS 
Recapitulating the Physics 


The physical principles basic to stellar structure are 
hydrostatic equilibrium, the perfect-gas equation of 
state, the various modes of energy transport, and 
the gravitational and thermonuclear sources of stel- 
lar energy. These are the tools used by astrophys- 
icists in compwting stellar models—theoretical 
stars in which physical parameters and their rates 
of change throughout the star are described. These 
mutually dependent parameters include tempera- 
ture T(r), mass M(r), density p(r), pressure P(r), lu- 
minosity L(r), rate of energy production é¢(r), and 
chemical composition in terms of the mean molec- 
ular mass y(r). Their interdependence is given by 
the basic equations of stellar structure: 
Hydrostatic equilibrium 
dP/dr = —GM(r)p(r)/r2 (16-1) 
Mass continuity 
dM/dr = 4rr2p(r) (16-2) 


Energy transport (radiative and convective) 


aT/dr = [—3x(r)p(r)/64aror?T3(r)JL(r)  (16-12a) 
aT/dr = (1 — 1/y) [T(r)/P(r)] dP/ar (16-12b) 
Energy generation (thermal equilibrium) 
dL/dr = 4nrp(r)e(r) (16-14) 
Equation of state 
Por) = kp) (rer (16-7) 
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These equations describe how the parameters vary 
through the star only if we know their values at 
some particular points (or shells) in the star, such 
as at the center and the surface. These values con- 
stitute the boundary conditions. At the center, for 
example, where r = 0, the boundary conditions for 
the mass and luminosity must be M(r) = 0 and 
L(r) = 0. So that the theoretical models bear some 
relationship to real stars, we use observed stellar 
characteristics for the boundary conditions at the 
surface. At r = R, the radius of the star, M(R) = 
M, L(R) = L, T(R) = Ter, the effective surface tem- 
perature (or photospheric temperature), and both 
p(r) and P(r) approach zero. 

In addition to these equations, we require en- 
ergy generation relations, e(p, T), which will alter- 
nate between gravitational and nuclear; opacity re- 
lations, x(p, T), which will depend on the chemical 
composition (and changes with time as the star 
progresses in its fusion reactions), and the chemical 
composition, X (hydrogen), Y (helium), and Z (met- 
als), or expressed as yx. Chemical composition plays 
a central role in stellar structure. The equation of 
state shows that P(r) depends on yw; because the 
hydrostatic equation indicates that p(r) is strongly 
dependent on P(r), it follows that p(r) depends on 
pb. Note that p(r) appears in all the other equations. 
The difficulty lies in knowing how the composition 
varies through the star. 

We must relate «(p, T) to the temperature, den- 
sity, and composition. This relation will be differ- 
ent for different processes that provide the opacity. 
In general, the calculation of the exact opacity is 
complex and best done with large computers to 
handle all the necessary relationships. But one ap- 
proximate formula, applicable to the range of tem- 
peratures and densities found in many main- 
sequence stars, is known as Kramers’ law and is 
given by 


kK = constant X Z(1 + X)(p/T?°) 


where X is the fractional abundance of hydrogen 
and Z is the fractional abundance of heavy 
elements. 

The quantity € is different for different nu- 
clear reactions, but in general it will depend on 
temperature, density, and chemical composition. 
For example, at temperatures around 14 mil- 
lion K, e(p, T) for the PPI chain is given by the 
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expression 
€ = constant x X?2pT4 


where X is the fractional abundance by mass of 
hydrogen. 

Many theoretical models have been computed 
for our Sun, for it is the best-observed star and 
serves as a prototype for others. These models dif- 
fer in the relative abundances of hydrogen, helium, 
and the heavy elements assumed for the newly 
formed Sun and in the degree of mixing of the el- 
ements and their participation in thermonuclear re- 
actions in the solar interior. Compositional mixing 
becomes more thorough as the extent of the con- 
vection zone increases. Current solar models that 
best fit various observations indicate that a large 
fraction of the hydrogen at the center of the Sun 
has already been converted to helium (the com- 
position is about 40% H, 60% He), so that there is 
a central helium-enriched core. Its energy genera- 
tion, hydrogen burning by the PP chain, still occurs 
primarily in the core. Energy transport is radiative 
for most of the interior, but beyond about 0.7Ro, 
the temperature gradient becomes sufficiently 
steep to maintain convection. The solar granulation 
is direct evidence for such a convection zone. 


@ The Physical Basis 

of the M-L Relation 
The empirical mass—luminosity relation has a phys- 
ical basis in the equations of stellar structure if 


they are correct. Start with hydrostatic equilibrium 
(Equation 16-1) and let dP — AP and dr — Ar; then 


AP = P, - P, = 0-P, 


where P, = pressure at the surface, P, = pressure 
at the center, and Ar = R, so that 


P, « Mp/R 
For a perfect gas, 
P « pT 
and so 
pl, « Mp/R 


and T, « M/R. We follow the same approximation 
with the radiation transport equation (16-12) so 
that 


L « R°(T2/qp)(T./R) * RTA/kp 


Now p « M/R3, and so 
L « R4T.4/KM 


into which we substitute T, from hydrostatic equi- 
librium: 


L « R4(M/R)*/KM « M°/« 


which is close to the observed relation, L « M>3. 
The difference lies in the dependence of the opacity 
on temperature and density. 

The value for the exponent depends on the 
mass range covered and the type of stars. If we 
write the M-L relation as L « M”, then a general 
value is 3.3; for stars with mass less than 0.4Mo, 
n = 2.3; for those with greater mass, n = 4. These 
values apply to main-sequence stars only. 


16-3 
STELLAR EVOLUTION 


The study of the physical changes that take place 
in stars as they alter their composition because of 
thermonuclear reactions is the heart of stellar ev- 
olution. Stars follow the same general sequence in 
their evolution: protostar, pre-main Sequence, main se- 
quence, and post-main sequence. Basically, a star’s ev- 
olution is determined primarily by its mass. Chem- 
ical composition plays a secondary role, so that 
Population I and Population II stars of the same 
mass follow somewhat different histories. Stellar 
evolution aims to understand how the luminosity 
and surface temperature (two observables) change 
with time. A plot of the points representing dif- 
ferent evolutionary stages with time on an H-R 
diagram is called a star’s evolutionary track. 
This section examines theoretical evolutionary 
tracks calculated from the basic equations of stellar 


* structure. 


The Birth of Stars: Protostars 
and PMS Stars 


Stars are born from the gravitational contraction of 
interstellar clouds of gas and dust. Chapter 19 pro- 
vides observational evidence for this process; here 
we concentrate on the basic physics. Be warned 
that we do not yet understand the complete process 
of star formation, but the basic theme is clear: as 
an interstellar cloud contracts, gravitational poten- 


tial energy is converted in part (50%) to thermal 
energy and in part (50%) to radiative energy. Even- 
tually, the core heats up to the ignition temperature 
of fusion reactions, and a star is truly born. Prior 
to that event, the star goes through protostar and 
pre-main-sequence stages. The contracting cloud is 
a protostar before it establishes hydrostatic equilib- 
rium. As hydrostatic equilibrium develops but be- 
fore the ignition of core fusion reactions, it is called 
a pre-main-sequence (PMS) star. The track traced 
on the H-R diagram before the star hits the main 
sequence is called its PMS evolutionary track; be- 
fore that, its protostar track. 

The evolutionary tracks for protostars of dif- 
ferent masses differ. Despite detailed differences, 
the theoretical calculations have the following com- 
mon features: (1) the collapse starts out in free fall; 
that is, it is controlled only by gravity (with negli- 
gible pressure; free fall means that the particles in 
the cloud do not collide as the cloud collapses, so 
that the internal pressure is zero); (2) it proceeds 
very unevenly, for the central regions collapse 
more rapidly than the outer parts and a small con- 
densation in hydrostatic equilibrium forms at the 
center; (3) after the core forms, it accretes material 
from the infalling envelope; (4) the star becomes 
visible to us either by accreting all the surrounding 
material onto itself or by somehow dissipating it. 


Solar-Mass Protostellar Collapse 


Now let’s look at one model for the formation of a 
Sun-like star. Imagine a huge interstellar cloud of 
dust and gas, mostly in the form of molecular 
hydrogen Hz, with sufficient mass to contract grav- 
itationally. We assume that the collapse large- 
ly takes place under free-fall conditions [Section 
15-3(A)]. 

Heated by collisions with molecules, the dust 
grains radiate at infrared wavelengths. As long as 
this heat radiation can escape into space, the kinetic 
energy is dissipated, the cloud stays cool, the pres- 
sure stays low, and the collapse continues in free 
fall. At some time, however, the density of the core 
reaches a critical value, at which point the cloud 
becomes opaque (optical depth = 1) and traps in- 
frared radiation. Then the core’s collapse slows 
down dramatically as hydrostatic equilibrium is es- 
tablished. The star slowly contracts as a PMS star. 
The total evolutionary time from the start of col- 
lapse to this stage is on the order of 1 million years. 
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We can trace the evolutionary track of a solar- 
mass protostar on an H-R diagram (point A in Fig- 
ure 16-3). The pre-main-sequence star has a lower 
surface temperature than it will on the main se- 
quence, but the radius is much larger, giving a 
large surface area, so that the luminosity is also 
higher than it will be when the star reaches the 
main sequence (recall that L = 47R?oT*). The 
star’s temperature is so low that its opacity is rel- 
atively high (even though its density is low). Con- 
vection rather than radiation transports the energy 
outward, the star is fully convective, so that it is 
well mixed. A newly formed pre-main-sequence 
star is completely convective from center to surface, 
and the effective transport of energy by convection 
makes the star very luminous (point B in Figure 
16-3). The star achieves a high luminosity (about 
30 times the Sun) for about 10° years as matter ac- 
cretes onto the core. 

A PMS star shines by slowly shrinking and ac- 
creting, the central temperature rising as the star 
evolves. As the PMS star shrinks in size, the surface 
temperature at first does not change very much, 
and the luminosity decreases. Its point on the H-R 
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Figure 16-3 Pre-main-sequence evolutionary track of a 
solar-mass star. The times along the track are years since 
the start at (A), which indicates the formation of the core 
from an interstellar cloud. The zero-age main sequence 
is indicated at the left. (Based on theoretical calculations by 
K.-H. Winkler and M. Norman) 
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diagram moves downward (point C in Figure 
16-3). Meanwhile the core continues to heat up. As 
it does, its opacity decreases. Eventually, the opac- 
ity drops enough for radiation rather than con- 
vection to transport energy most efficiently. The 
zone of radiative transport starts at the core and 
slowly creeps outward as the inner layers heat up. 
When a substantial fraction of the star’s interior 
carries energy outward by radiation, its path on the 
H-R diagram kinks sharply to the left (point D in 
Figure 16-3). 

Eventually the core heats up to a few million 
kelvins, high enough to start thermonuclear reac- 
tions. When the PMS star gets most of its energy 
from thermonuclear reactions (PP reactions in the 
case of the Sun) rather than gravitational contrac- 
tion, it achieves full-fledged stardom. It no longer 
contracts to provide energy; the heat from fusion 
reactions keeps it in hydrostatic equilibrium. The 
star is now called a zero-age main-sequence 
(ZAMS) star (point E in Figure 16-3). It settles 
down to the longest stage in its life, calmly con- 
verting hydrogen to helium in its core. Most of the 
interior transports energy by radiation; only the 
outer region of the envelope is convective. The total 
time elapsed from initial collapse to arrival as a star 
on the main sequence is only 20 million years (from 
point A to point E in Figure 16-3). 


@ Evolution on and off 
the Main Sequence 


A star like the Sun spends about 80% of its total 
lifetime slowly transforming its hydrogen core to 
helium, via the PP chain. As the hydrogen abun- 
dance decreases, the temperature and density must 
rise to maintain at least the same rate of nuclear 
fusion. During this time the temperature in the core 
increases gradually and the star expands slightly. 
This results in a greater flow of energy to the sur- 
face, and the star’s luminosity increases. Note: We 
call the entire phase of core hydrogen burning the 
main-sequence phase. The ZAMS is the phase at 
which a star first gets all its energy from hydrogen 
fusion, before it has converted any substantial 
amount of its hydrogen to helium. As hydrogen is 
converted to helium, the composition and therefore 
the mean molecular weight change, altering the 
structure of the star. These changes are gradual at 
first, and then more rapid. 


Let’s look at a star’s lifetime quantitatively. 
From the overall mass-luminosity relationship for 
main-sequence stars (Section 12-2B) 


L,/Lo = (M./Mo)?? 


A star’s lifetime t depends on its store of energy 
(mass) and on the rate at which it spends that en- 
ergy (luminosity). So relative to the Sun, 


t./to = (M./Mo)/(L./Lo) 
= (M./Mo)/(M./Mo)?3 = (M./Me)23 


So the more massive the star, the shorter its life- 
time. The exact power depends on the mass range, 
but the general statement holds true for all stellar 
masses. 


A Population | Star of 1 Solar Mass 


We first turn to a star having the same mass as our 
Sun to see what post-main-sequence evolutionary 
track the Sun might follow. The star reaches the 
ZAMS when the PP chain dominates energy pro- 
duction. After about 10 billion years, the main- 
sequence phase ends when almost all the hydrogen 
in the core has been converted to helium. During 
this time, the temperature in the core increases 
gradually, and the star expands slightly. This re- 
sults in a greater production of energy, and the 
star’s luminosity increases (Figure 16-4). 

Note: Figure 16-4 is the main figure for this 
chapter, perhaps for most of astrophysics! It shows 
the theoretical evolutionary tracks for 1-, 5-, and 
25-Mo stars. (For this first time through, you can 
ignore the labels “First Dredge-Up” and “Second 
Dredge-Up”; they will be explained in Section 
16-5.) 

When the hydrogen in the core is used up, the 
thermonuclear reactions cease there. However, 
they keep going in a shell around the core, where 
fresh hydrogen still exists. With the end of fusion 
reactions in the core, the core contracts. This heats 
up the layer of burning hydrogen, and the reac- 
tions produce more energy, but the layer of burn- 
ing hydrogen heats up the surrounding envelope 
and causes it to expand. So the radius of the star 
increases, and its surface temperature decreases. 
The temperature drop increases the opacity, and 
convection carries the energy outward in the star’s 
envelope. Note that convective energy transport 
becomes effective at high opacities and that the 
convective outflow causes the star’s structure to 


Figure 16—4 Theoretical tracks for 
1, 5, and 25Mo stars. Major phases 
of fusion burning are indicated 
(thicker parts of the tracks), as 
well as important evolutionary 
stages. Dashed lines show uncer- 
tain phases. (Adapted from a dia- 
gram by I. Iben, Jr.) 
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change. The radius of the star increases, and its sur- 
face temperature decreases. The temperature fall 
increases the opacity, so that at some point convec- 
tion carries most of the energy outward in the star’s 
envelope. The luminosity then increases greatly; it 
moves up the red giant branch (RGB) on the H-R 
diagram. 

A red giant has a strikingly different structure 
from a main-sequence star. Most of its mass is con- 
centrated in a dense core only a few Earth radii in 
size, at temperatures of some 50 million K. The red- 
giant core is so dense that the electrons in the core 
become a degenerate gas. In this state, they pro- 
duce a degenerate gas pressure, which depends 
only on density, not temperature, and this enables 
the core to attain a pressure sufficient to balance its 
gravitational force even though no fusion reactions 
are going on in it. 


Begins 


4.2 4.0 3.8 3.6 3.4 


As the bloated star attains its red-giant status, 
the core temperature—which has been steadily in- 
creasing as the core contracts—hits the minimum 
necessary (T ~ 108K) to start helium buming by 
the triple-alpha process. This helium core is degen- 
erate. Once part of it ignites in the triple-alpha re- 
action, the heat generated by the fusion spreads 
rapidly throughout the core by conduction. The 
rest of the core quickly ignites. If the core were an 
ordinary gas, this explosive ignition would expand 
it as a result of the rapid increase in temperature 
and pressure. The core is degenerate, however, and 
increased temperature does not increase the pres- 
sure in a degenerate gas. So the core does not ex- 
pand. Instead, the increased temperature increases 
the rate of the triple-alpha process, generating 
more energy, further increasing the temperature, 
and so on. This out-of-control process in the core 
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is called the helium flash. When the core temper- 
ature finally reaches about 350 million K, the elec- 
trons become nondegenerate. Then the core ex- 
pands and cools. 

Why a helium flash rather than a slow igni- 
tion? One property of degenerate matter is that it 
has a very high thermal conductivity, so that heat 
flows through it very quickly. Hence, when the he- 
lium ignition temperature is reached in one part of 
the core, the turn-on spreads throughout the core 
in a flash (by astrophysical standards)—perhaps in 
just a few minutes! 

After the helium flash, the star’s radius and lu- 
minosity decrease a little and its point on the H-R 
diagram moves slightly downward and to the left. 
The star quietly burns helium in the core and hy- 
drogen in a layer around the core. This phase is the 
core-helium-burning analog of the star’s main-se- 
quence phase (core hydrogen burning). 

Eventually the triple-alpha process converts 
the core to carbon. The reaction stops in the core 
but continues in a layer around it. This stage—the 
core is shut down but thermonuclear reactions are 
going on in a layer—resembles that when the star 
first evolved off the main sequence. The physical 
processes force the same evolution; the buming 
layer makes the star expand. The star again be- 
comes a red giant. The electrons in the core—this 
time carbon-rich—become degenerate again. The 
star moves up the asymptotic giant branch (AGB) 
on the H-R diagram. 

Because the rate of the triple-alpha reaction is 
very sensitive to changes in temperature, the he- 
lium-burning shell causes the star to become un- 
stable. Here’s how: Suppose the star contracts a lit- 
tle. The temperature and energy production in the 
layer increase; the pressure also increases. How- 
ever, the increase in pressure more than compen- 
sates for gravity, and so the outer parts of the star 
expand. The expansion leads to decreases in tem- 
perature, pressure, and—most dramatically—en- 
ergy generation rate. The star contracts, the energy 
generation increases, the star expands, and the cy- 
cle repeats. These bursts of triple-alpha energy pro- 
duction are like small thermonuclear explosions in 
the shell; they have the prosaic name of thermal 
pulses. The explosions occur about every few thou- 
sand years and cause the luminosity of the star to 
rise and dip rapidly by 20 to 50% in a few years 
or tens of years! The explosions cause the star to 


pulsate as well as vary in luminosity. Each blast 
generates a rush of energy; to move it out effi- 
ciently, the region becomes convective and the 
bubbling gases carry outward elements fused in 
each explosion. 

Meanwhile, the star has developed a very 
strong outflow of mass from its surface, sometimes 
called a superwind to distinguish it from the nor- 
mal stellar wind of a red giant. The superwind is 
triggered by the pulsations of the star and blows 
in gusts that quickly (in about 1000 years) rip off 
the envelope of the star. A hot core is left behind. 
The expelled material forms an expanding shell of 
gas heated by the hot core. Astronomers call this a 
planetary nebula, for historical reasons. (It looks 
like a Jovian planet viewed with a small telescope.) 
The hot core appears as the central star of the neb- 
ula. The nebula keeps expanding until it dissipates 
in the interstellar medium. 

For a star of roughly 1Mo or less, the core 
never reaches the ignition temperature of carbon 
burning because it has become degenerate and can- 
not contract and heat up to ignite carbon burning. 
In about 75,000 years, such a star becomes a white 
dwarf, composed mostly of carbon. Without energy 
sources, the white dwarf cools to a black dwarf in 
a few billion years. 


A Population | Star of 5 Solar Masses 


Let’s follow the evolution of a Population I star 
with a mass five times that of the Sun. We have 
chosen a 5Mo star as an example because of its 
more rapid evolution compared to a 1Mo star; on 
the main sequence, it will appear as a B-type star. 

The start of the evolutionary track (Figure 
16-4) represents the main-sequence position of the 
star in the H-R diagram at age zero, when hydro- 


. gen burning started at the center of the star. Ini- 


tially, only temperatures at the very center are suf- 
ficiently high for the CNO cycle to operate, and 
fresh hydrogen is supplied by convective mixing 
throughout a core. Conditions in the core change 
in a rather complex fashion. When only a small 
fraction of all the material in the core is hydrogen, 
first the core and then the whole star contracts. 
Eventually the core hydrogen is exhausted. As 
a result of the gravitational contraction of the core, 
material just beyond the core is pulled into higher- 
temperature regions and hydrogen burning starts 


in a shell surrounding the (primarily) helium core. 
This shell is fairly thick at first, but as a larger frac- 
tion of the total mass of the star is concentrated into 
the core, it narrows. The core is so dense that, to a 
large extent, it supports the weight of material 
above it. When this equilibrium ends, the core con- 
tracts much more rapidly and heats up. When this 
happens, energy generation in the shell is acceler- 
ated and the outer envelope expands. Such an ex- 
pansion is accompanied by lowering the surface 


temperature, and the position of the star in the H-R - 


diagram moves to the right. 

During the last part of the expansion phase, 
convection develops in the envelope and changes 
the direction of the evolutionary track from de- 
creasing to increasing luminosity by carrying a 
greater part of the energy outward to the star’s sur- 
face. This begins the red-giant phase of the star’s 
life. Temperatures in the interior continue to rise 
owing to core contraction; finally a point is reached 
(about 10° K) where the triple-alpha process can be- 
gin at the star’s center. Helium burning at this stage 
is short-lived. 

Once again gravitational contraction takes over 
until temperatures are sufficiently high to reignite 
helium. The balance between helium burning in the 
core and hydrogen burning in the shell gradually 
shifts in favor of helium burning, and the surface 
of the star becomes both hotter and brighter. When 
the helium is exhausted and the core consists of 
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Figure 16-5 Locations on the H-R dia- 
gram of cool stars with stellar winds. 
Note that they fall into three major 
groups: cool, warm, and hot winds. Typ- 
ical wind speeds and mass-loss rates are 
given for each. (A. Dupree) 
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carbon, contraction again occurs, and a helium- 
burning shell is formed. 

Like the solar-mass star, the evolutionary track 
turns up the AGB, as well as the demise of the star. 
Thermal pulses drive a superwind from the star. 
The next stage is uncertain. The star may undergo 
mass ejection to form a planetary nebula and leave 
behind a core that becomes a white dwarf. Or, the 
star may go supernova. In either case, it sheds ma- 
terial into the interstellar medium. 

The lives of these two stars represent those of 
low and middle masses. What about a high-mass 
star, say of 25M? Its relatively brief lifetime en- 
sures a quick trip to death as a supergiant star. 
Note that its evolutionary track (Figure 16-4) 
moves almost horizontally across the H-R diagram, 
as it burns hydrogen in its core, then helium, and 
then carbon. As it turns into a red supergiant star, 
its core becomes unstable and collapses, igniting a 
supernova explosion (more in Chapter 18). 


Extremely Massive Stars 


Let’s look at theoretical work on the evolution of 
really massive stars—50-100Mo. Mass loss dra- 
matically changes the evolution of certain stars. 
The Sun loses mass at a rate of about 10-4Mo/ 
year by the solar wind. Other stars (Figure 16-5) 
are known to lose mass at much greater rates in 
outflows that are called stellar winds. Red giants 
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and supergiants blow off their envelopes at rates 
of 10-7 to 10° Mg /year. Massive O stars also have 
stellar winds at about 10~” to 10° °Mo /year for the 
strongest winds. Note that an O star will lose a few 
solar masses of material during its main-sequence 
lifetime of a few million years. 

The mass loss changes the evolutionary tracks 
of stars with masses of 50-100M.. Such stars lose 
50-60% of their initial mass by the end of their 
main-sequence lifetime. The outer layers of the 
stars are stripped off—so much, in fact, that the 
core is revealed and the products of the CNO cycle 
(such as nitrogen) lie exposed at the surface. Such 
stripped cores may never become red giants 
because the layers above the core, where shell 
buming would take place, have been removed. 
(The peculiar objects known as Wolf-Rayet stars, 
which are hot stars with strong emission lines in 
their spectra, are examples of these stars. They have 
abnormally large abundances of nitrogen and 
carbon.) 

The evolutionary tracks that result from these 
calculations (Figure 16-6) start with the stars on the 
ZAMS, losing mass at observed rates. In general, 
such stars make large loops in temperature at more 
or less constant luminosities. For the most massive 
stars (M > 60Mo), the winds strip the outer layers 
while on the main sequence, leaving a bare He 
core. Such stars never evolve to red supergiants; 
they are O stars and then perhaps Wolf-Rayet stars. 
For mid-range stars (60-25Mo), they rapidly evolve 
to red supergiants where they undergo core helium 
burning. These start out as O stars and become blue 
supergiants and red supergiants; what exactly hap- 
pens depends on the behavior of the mass loss. The 
lowest range of masses follow a blue-red-blue su- 
pergiant scheme. (Such stars do not have helium 
flashes because helium ignition takes place before 
a degenerate core develops.) Finally, these stars 
blow up in a supernova. 


Low-Mass Stars 


The evolution of stars with a mass much lower 
than the Sun’s also has significant differences. First, 
stars of low enough mass may not get hot enough 
to burn much helium to carbon before they throw 
off their envelope. Such stars will end up as white 
dwarfs composed largely of helium. 

Second, if the mass of a star is less than about 
0.08 solar masses, it will not even reach the main 
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Figure 16-6 Evolutionary tracks for very massive stars. 
The initial masses (20-120Mo) are indicated along the 
main sequence. The band of the main sequence is on the 
left; the region on the right labeled “He-ignition” marks 
the onset of helium burning. The first dot along the track 
indicates the start of helium burning for that specific 
model. (Adapted from a diagram by C. Chiosi and A. 
Maeder) 


sequence. Gravitational contraction does not heat it 
very effectively. Before it gets hot enough to start 
nuclear reactions, the density has risen so high that 
the matter becomes degenerate. Then the pressure 
of the degenerate electrons supports the star and 
keeps it from contracting any further. If gravita- 
tional contraction is prevented from heating the 
star, the nuclear fires can never be lit, and the star 


. simply cools off to become a brown dwarf. (More on 


white and brown dwarfs in Section 17-1.) 


@® Chemical Composition and Evolution 


Population II stars contain only 0.01% heavy ele- 
ments; the range is about 0.2-0.002%. Do their ev- 
olutionary tracks differ much from those of Popu- 
lation I stars with the same mass? The overall 
sequence is the same, but these stars exhibit a sig- 
nificant difference in position on the H-R diagram 
during core helium burning. What happens to a 
star with a heavy-element abundance of 0.01% that 


leaves the main sequence with mass of 0.7Mo (Fig- 
ure 16-7)? Almost 16 billion years after the start of 
core hydrogen burning, PP reactions have con- 
sumed the core’s hydrogen fuel. Shell burning 
takes over the energy production, and the star rises 
to the red-giant region, at first slowly and then 
swiftly. 

While a red giant, the star loses some mass to 
a strong stellar wind. After the helium flash, the 
star settles down to core helium burning; it then 
has a mass of 0.625Mo because of the mass lost to 
a stellar wind. The energy production goes on in a 
hydrogen-burning shell and a helium-buming core, 
where the density is roughly 10” kg/m* and the 
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Figure 16-7 Evolutionary tracks 

for stars with low metal abun- 

dances. The two tracks are for two 

stars, one of mass 0.8Mo and one 10-1 
of mass 0.7Mo, leaving the main 
sequence. Both stars lose mass 

through the red-giant phase. 

(Based on theoretical calculations by I. 10,000 
Iben, Jr.) 
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temperature about 100 million K. As this star 
evolves, its luminosity stays roughly constant and 
its surface temperature changes, first to higher tem- 
peratures and then to cooler ones before the core 
buming stops. The star’s evolutionary track makes 
a zigzag on the H-R diagram. 

Stars with fewer heavy elements (only 0.001%) 
and a range of masses also form a core-helium- 
burning horizontal branch, but, relative to stars of 
the same mass yet higher heavy-element composi- 
tion (0.01% as above), these stars are shifted to the 
left (higher temperatures) on the H-R diagram. In 
clusters, the reason for the range of masses along 
the horizontal branch is the different amounts lost 
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while the stars are red giants. All the horizontal- 
branch stars in such a group start out with about 
the same mass and end up with helium cores of the 
same size, but some lose more mass than others as 
red giants and end up with very thin hydrogen en- 
velopes around their helium cores. They are very 
much like main-sequence stars composed of pure 
helium and lie far to the left on the H-R diagram. 
Those that lose very little mass as red giants end 
up with thicker hydrogen envelopes. They are like 
ordinary red giants, ending up farther to the right 
on the H-R diagram. 


16-4 
INTERPRETING THE H-R 
DIAGRAMS OF CLUSTERS 


If a cluster of stars is formed such that all members 
contract out of the gas cloud more or less simul- 
taneously, the locations of the stars in the H-R di- 
agram will depend upon the time elapsed since the 
initial formation. In 108 years, a cluster has stars on 
the main sequence up to a luminosity correspond- 
ing to 3Mo or slightly more, say L/Lo ~ 100 or 
absolute magnitude ~ 0. Somewhat more massive 
stars lie a little to the right of the main sequence, 
and some stars have reached the giant branch but 
have not yet gone beyond it. 

The turnoff from the main sequence reflects 
the time elapsed since the stars first arrived on the 
ZAMS. Ages of clusters may be determined by 
comparing the turnoff points in the theoretical 
H-R diagram (Figure 16-8), with the scale on the 
right of the diagram. The observed H-R diagrams 
of various clusters represent the loci of the ends of 
the evolutionary tracks for member stars to that 
particular time since formation. These loci are 
called isochrones, constant-time lines. The fact that 
computed isochrones closely resemble observed 
H-R diagrams is one of the major triumphs of mod- 
ern astrophysics—it demonstrates that the basic 
physics of stellar models is correct. 

The time taken up by the protostar contraction 
is so short that it can usually be neglected, partic- 
ularly for well-developed clusters. In many clus- 
ters, however, the contraction time for massive 
stars is so much faster than that for low-mass stars 
that the massive stars will have already started to 
evolve off the main sequence by the time the low- 


mass Stars reach it. Such a young cluster is the Ple- 
iades, which still has massive luminous stars on the 
main sequence. The turnoff at the very upper end 
of the H-R diagram of this cluster (Figure 16-8A) 
and the appearance of the supergiant branch have 
usually been attributed to the rapid evolution of 
these massive stars. The Pleiades have an age of 
10” years. In an intermediate case, the Praesepe 
(Beehive) cluster has an age of about 9 x 108 years 
(Figure 16-8B). At the other extreme, we have an 
old open cluster (Population I) whose stars are 
highly evolved, M67. It has stars of about 1.25Mo 
evolved onto the red-giant branch and stars of 
1Mo just about to leave the main sequence. One 
estimate gives the age of M67 as 5 X 10° years 
(Figure 16-8C). 

The H-R diagram of Population II globular 
clusters (Figure 16-9) differs from the H-R dia- 
grams typical of both intermediate Population I 
clusters (like M11) and old Population I clusters 
(like M67). Globular clusters are old, and because 
they started with almost pure hydrogen and he- 
lium and virtually no heavy elements, their evo- 
lutionary tracks took different forms than Popula- 
tion I clusters did. The present H-R diagrams for 
globular clusters represent the end points of the ev- 
olutionary tracks. Differences from one cluster to 
another are attributed to differences in the initial 
chemical composition. Globular clusters clearly 
show the horizontal branch (HB in Figure 16-9) 
that results from different mass losses and chemical 
compositions. Note that a globular cluster’s H-R di- 
agram shows stars at all evolutionary phases: main 
sequence (MS in Figure 16-9), lasting 10!° years 
with core hydrogen buming; red giants (RGB) for 
108 years with shell hydrogen burning; horizontal 
branch (HB) for 10° years with core helium buming 
and shell hydrogen burning; and the asymptotic gi- 
ant branch (AGB) for 10” years with shell double 
burning. 


16-5 
THE SYNTHESIS OF ELEMENTS 
IN STARS 


In order to survive, a star must fuse lighter ele- 
ments into heavier ones and in this way generate 
energy. Gravitational contraction provides the ini- 
tial heat to get fusion reactions going. The more 
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Figure 16-8 H-R diagrams for clusters in color-mag- 
nitude form. The observed turnoff points give the ap- 
proximate ages when compared to isochrones from the- 
oretical models (solid lines). (A) Diagram for the 
Pleiades. The solid lines are the theoretical calculations 
for the ZAMS and for an evolved cluster at age 3 X 
108 years. The Pleiades are younger than this age, since 
the upper end of the main sequence still has massive 
stars. (B) Diagram for the Praesepe cluster with a best- 
fit theoretical line for an age of 9 X 108 years. (C) Di- 
agram for M67. Same comparison as for Praesepe. The 
apparent distance modulus is given for each cluster. 
(Adapted from diagrams by D.A. VandenBerg) 


328 Chapter 16 = The Evolution of Stars 


Cluster M 5 


Visual Magnitude 
o a = 


N 
=) 


Figure 16-9 Schematic H-R diagram for one globular 
cluster with the evolutionary major phases indicated. 
(Adapted from a diagram by V. Castellani) 


TABLE 16-1 


mass a star has, the greater the central temperature 
produced by gravitational contraction before de- 
generacy sets in and the heavier the elements it can 
fuse. From the ignition temperatures needed for fu- 
sion reactions, we can set limits on the heaviest el- 
ements that a star of a certain mass can fuse (Table 
16-1). For example, our Sun can burn helium to 
carbon but will never get hot enough to fuse car- 
bon. Table 16-1 summarizes the principal stages of 
nuclear energy generation and nucleosynthesis in 
stars. Note that the products (or ashes) of one set 
of reactions usually become the fuel for the next set 
of reactions, until iron is reached. 

Also note in that table that only very massive 
stars (those with masses greater than about 5Mo) 
can produce elements heavier than oxygen, neon, 
and sodium. Few stars have this much mass, and 
so many stars come to the end of their nuclear ev- 
olution without having manufactured some impor- 
tant elements. This fact emphasizes the importance 
of massive stars in the scheme of cosmic evolu- 
tion—they fuse heavy elements and, through the 
supernova process, throw some back into the in- 
terstellar medium. 


Stages of Thermonuclear Energy Generation in Stars 


Red giant stars play a major role in cosmic nu- 
cleosynthesis. The thermal pulses in a helium-burn- 
ing shell are the sites for producing certain iso- 
topes, especially those that are rich in neutrons. 
This process can occur in two stages for low- and 
middle-mass stars. Let’s see how this happens in a 
comparison of the post-main-sequence evolution- 
ary tracks for low- and intermediate-mass stars 
(Figure 16-4). 

One stage takes place when a star first becomes 
a red giant. The convective zone that develops as 
a result of evolution to a red giant reaches down 
to the star’s core and pulls up elements that have 
been made with hydrogen burning. At the base of 
the convection zone, carbon can be converted to 
nitrogen. The convection brings this processed ma- 
terial up to the surface, so the carbon abundance 
there goes down while the nitrogen abundance 
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goes up. This whole process, which occurs in every 
star as it becomes a red giant for the first time, is 
called the first dredge-up (see points marked along 
the evolutionary tracks in Figure 16-4). 

For medium-mass stars, such as one of 5Mo, a 
second phase of nucleosynthesis takes place after a 
star has burned the helium in its core. Thermal 
pulses then can convert helium to carbon, carbon 
to oxygen, nitrogen to magnesium, and iron to cer- 
tain neutron-rich isotopes of heavier elements. The 
convective zone brings these to the surface, a pro- 
cess called the second dredge-up (Figure 16-4). 

All these processes would not affect the rest of 
the cosmos except for one crucial fact: red giant 
stars have strong stellar winds. These blow off ma- 
terial from the surfaces of the stars so that the pro- 
cessed material from the first and second dredge- 
up is sent out into the interstellar medium. 
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Equations of stellar structure 


Hydrostatic equilibrium 


dP _ —GM(r)p(r) 
dr r2 


Mass continuity 
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Problems| 


1. Verify that about 6 x 10! kg of hydrogen is con- compare with your theoretical T—L relationship 


verted to helium in our Sun every second. 


. (a) If astar is characterized by M = 2 x 10°*kg and 
L = 4 X 10°2 W, how long can it shine at that lu- 
minosity if it is 100% hydrogen and converts all 
the H to He? 

(b) Do a similar calculation for a star of mass 10°° 
kg and luminosity 4 x 1025 W. 


Briefly describe the evolution of the following stars 
from a cloud of gas and dust to their demise: 

(a) M = 10Mo 

(b) M = 0.1Mo 

Clearly indicate which stages of the evolution are 
highly uncertain. 


. Using Figures 16-8 and the data in Table 16-1, sketch 
the H-R diagrams for star clusters of ages 107, 108, 
and 10° years (these are constant-time lines!). Clearly 
label the axes and comment upon the significance of 
your results (turnoff points). 


. Although detailed models of stellar structure require 

the use of complex computer codes, simple scalings 

can be obtained by making rough approximations. 

For a variable x, we can substitute Ax/Ar for dx/dr in 

order to obtain a crude result. (This method is a 

rough version of a numerical technique called finite 

differences.) 

(a) Use the equation of hydrostatic equilibrium 
(16-1) to show that the central pressure scales as 
P, « M2/R4. Substitute AP/Ar for dP/dr and take 
this difference between r = 0 and r = R/2, that 
is, AP/Ar ~ [P(r = R/2) — P,]/(R/2 — 0). You 
may assume that P(r = R/2) is negligible com- 
pared with P,. Also, substitute the mean density 
of the star (p) for p(r). 

(b) Now use the radiative transport equation and the 
same method as in part (a) to approximate 
dT/dr and obtain the theoretical mass—luminosity 
relationship, L « M3. Assume that x(r) is con- 
stant and that T(r) « T,. 

(c) Use the same method to obtain a rough relation- 
ship between the effective temperature and mass 
of a main-sequence star. (No other variables 
should appear in the proportionality.) 

(d) Combine your answers to parts (b) and (c) to ob- 
tain a relationship between T and L. Use the 
H-R diagrams (Figures 13-7 and 13-9) and Table 
A4-3 to compare the temperature of a star of 
L = 10Lo with that of the Sun. How does this 


6. 


10. 


(be quantitative)? 


Assume that the amount of hydrogen mass available 
for nuclear reactions in the core of a star is M, ~ 
0.5M. Further assume for simplicity that the only en- 
ergy-generating nuclear reaction is 41H — 4He + 
energy (ignore the fact that some of the energy is in 
the form of positrons and neutrinos). Obtain an ex- 
pression for the hydrogen-burning lifetime of a star 
in years as a function of mass in solar units. (Assume 
L ~ constant during the hydrogen-burning phase 
and use the mass-luminosity relationship L ~ M? in 
solar units.) 


. (a) Estimate the central pressure for 0.5, 10, and 


50Mo stars. Compare these pressures to the cen- 
tral pressure of the Sun. 

(b) Estimate the central temperature for 0.5, 10, and 
50Mo stars. Compare these temperatures to the 
central temperature of the Sun. 


. Calculate the main-sequence lifetimes for stars of 0.5, 


1,5, 10, and 25Mo. 


. Assuming that a star radiates as 4 blackbody during 


all phases of its evolution, use the Stefan-Boltzmann 
Law to determine the radius (in units of Ro) of a 
1Mo star at all main stages in Figure 16-4. (Hint: 
Both the temperature and luminosity axes are 
logarithmic.) 


Estimate the energy available and the lifetime for the 

helium-burning phase in a 1Mo star: 

(a) Calculate the energy released per net reaction 
34He — C in the triple-alpha process. (Note: 
The weight of *He is 4.0026, and the weight of 
XC is 12.0000.) 

(b) What fraction of the available mass of 3 helium 
nuclei is liberated in the form of energy in the 
triple-alpha reaction? Compare this to the frac- 
tion of available mass liberated in the proton- 
proton reaction. 

(c) Assume that approximately 10% of the original 
mass of the star is in the form of “He in the stellar 
core during the helium-buming phase. Estimate 
the total energy available from the triple-alpha 
process. 

(d) During the helium-core-burmning phase, some hy- 
drogen burning is also occurring in a shell. Thus 
the star’s luminosity is not due only to helium 
buming. Keeping this in mind, assume that 
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the typical luminosity from helium buming is 
10*Lo. Estimate the lifetime of the helium-core- 
burning phase. 


11. Consider a model star in which the density p(r) goes 
as po in the core (r < 19), po(ro/r)? in the region be- 
tween the core and surface (rg < r < R), and 0 out- 
side the surface (r > R). 

(a) Find an expression for M(r). 

(b) If the star’s mass is 1Mo at R = Ro, and 7 = 
0.1R, what is the value of po? 

(c) Find an expression for P(r). 


For each future time, find the effective temperature 
of the Sun. Then plot an evolutionary track on an 
H-R diagram. 


12. The following table gives one model for the future 
evolution of the Sun: 


Star Deaths 


W: have brought you to the brink of the deaths 
of stars. We have alluded to the processes of 
post-main-sequence evolution that result in stellar 
demises and final states—stellar corpses. This 
chapter examines the deaths of stars in detail and 
the bizarre corpses that can be left behind: brown 
dwarfs, white dwarfs, neutron stars, and black 
holes. These final states are forever; very little can 
change them. 

The kind of corpse is determined by the mass 
at the time of death, which is less than the star’s main- 
sequence mass because of the mass lost as a red 
giant, or in a supernova, or in the formation of a 
planetary nebula. The corpses are white dwarf 
(mass < 14Mo), neutron star (mass between 1.4 
and 3Mo), and black hole (mass > 3Mo). Their 
masses while on the main sequence were higher. 
Brown dwarfs, which have masses < 0.08Mo, 
never become main-sequence stars. In a sense, they 
never were stars because they never had fusion- 
powered lives. (See Sections P5-3, P5-12, P5-13, 
and P5-14 in the Physics Prelude.) 


17-1 
WHITE DWARFS AND BROWN DWARFS 


White dwarfs evolve from red giant stars, exactly 
how depending on the mass of the star. For a star 
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like our Sun [Section 16-3(B)], contraction of the 
carbon core does not produce temperatures suffi- 
ciently high to bring about burning of carbon. The 
core will contract to a highly compressed state, and 
the increasing temperatures will accelerate the shell 
helium-burning rates. The star pulsates until it 
ejects its outer layers. The envelope becomes sep- 
arated from the core as a thin shell and expands 
and cools; this process creates a planetary nebula 
[Section 16-3(B)]. The core, having lost its enve- 
lope, now stands revealed as a hot, very dense 
star—a white dwarf. 

Infrared and radio telescopes have revealed in- 
stances of intermediate-mass stars losing mass by 
strong stellar winds as they evolve from a red giant 
to a white dwarf. Cool winds from cool stars are 
dusty, and so would hide the star from optical 


view. Observations (Figure 17-1) show that such 
outflows, at least in some cases, tend to be bipolar, 
with material flowing out along an axis in two di- 
rections. The star itself is hidden by a disk of dust, 
which helps to direct the outflows, which move at 
speeds of about 200 km/s—fast enough to form 
shock waves in the surrounding medium. This very 
brief phase then results in the formation of a plan- 
etary nebula. 

Observational evidence indicates that main- 
sequence stars with M = 7Mo finish their lives as 
white dwarfs. Basically, low and intermediate mass 
stars prefabricate a white dwarf by the growth of 
a degenerate core while they are on the AGB. 
Heavy mass loss must then take place to reveal 
the compact core after the phase of helium ther- 
mal flashes. 


(A) 
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The kind of white dwarf leftover depends on 
the mass of the progenitor star. Stars of 0.5Mo or 
less will not ignite helium and so form helium 
white dwarfs; those in the range 0.5-5.0Mo will not 
ignite carbon and so leave carbon-oxygen stars; 
those in the range 5-7Mo will burn carbon and 
make oxygen-neon-magnesium white dwarfs. 


Physical Properties 


Because white dwarfs are very dense, the stellar 
material no longer behaves like an ordinary gas. It 
becomes so tightly packed that the electrons cannot 
move completely at random. Hence, their motions 
are subject to limitations imposed by the proximity 
of other electrons. Some electrons may still move 
at very high velocities, but they cannot change their 
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Figure 17-1 A strong stellar wind from an evolved red giant (an AGB star). The image 
at right is taken with an Ha to show gas that has been excited by the outflow. The diagram 
on the right is a schematic picture of the interaction of the outflow with the surrounding 


material. (B. Reipurth, ESO) 
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velocities by collisions as in an ordinary gas; the 
electrons may change velocity only by exchanging 
orbits with other electrons. The laws of quantum 
mechanics hold, and the Pauli exclusion principle 
applies: only two electrons with opposite spins can 
have a given energy in a given volume at one time. 
Because of the close packing, less space is available 
and the number of possible velocities or energies 
permissible for an electron becomes smaller. Such 
a material is called a degenerate electron gas. In 
such a degenerate gas, the electrons are distributed 
more or less uniformly throughout the medium, 
surrounding the nuclei. The nuclei themselves are 
regularly spaced and become more tightly con- 
strained as the pressures increase, until they are so 
fixed with respect to each other that they resemble 
a crystalline lattice. Under such conditions, the ma- 
terial more closely resembles a solid than a gas. 

The cause of these high densities lies in the fact 
that all available nuclear energy has been expended 
and the star contracts gravitationally until sup- 
ported by the pressure of the degenerate electron 
gas. Only stars of mass smaller than about 1.4Mo 
(called the Chandrasekhar limit) can be stable 
white dwarfs because of limitations imposed by the 
stellar structure, which in turn depends upon both 
hydrostatic equilibrium and the nature of the de- 
generate electron gas. All the peculiar properties of 
white dwarfs can be traced to the fact that they are 
made of degenerate material. A main point is the 
mass-radius relation: the more massive a white dwarf, 
the smaller its size. In contrast, for main-sequence 
stars, the more massive ones are larger. (Can you 
reason why?) Let’s examine the mass-radius rela- 
tionship for white dwarfs. 

The exact relationship between pressure and 
density in completely degenerate, nonrelativistic 
matter is 


P = Kp*3 (17-1) 


where K is a constant. (For a relativistic gas, 
P « p*/3.) This is the equation of state of such ma- 
terial. Contrast this to the equation of state of an 
ideal gas, 

P = nkT or P « pT 
Now from hydrostatic equilibrium, 


P « M?/R* 


This result applies to any star. Then, using the pre- 
ceding equation of state in the density equation, 


p x M/R? 
we get 
P « p/3 « M5/3/R5 
Now use 
P « M?/R#4 
so that 
M2/R4 «x M5/3/R5 
ye) 


Re« VM 


If we use the equation of state for a degenerate, 
nonrelativistic gas, we get 


47K 


R= Caw Me (17-2) 


The mass-radius relation shows that as M gets 
larger, R gets smaller. This result hints at the idea 
that white dwarfs may have a maximum mass 
limit. (They do—the Chandrasekhar limit.) 

Generally, most white dwarfs have their 
masses determined by indirect photometric or 
spectroscopic methods. (A small number are mem- 
bers of binary systems.) For stars whose distances 
are known (say by parallax), we can find the mass 
from a measurement of the effective temperature, 
from which we get the radius and then infer the 
mass from an assumed mass-radius relation (such 
as Equation 17-2). When distances are not known, 
we can still use spectrophotometric observations 
plus model atmospheres to infer the surface gravity 
g from which we arrive at a mass by again apply- 
ing the mass-radius relation. Overall, the average 
measured mass of white dwarfs is ~0.7Mo. 

Note that white dwarfs shine by the radiation 
of their thermal energy. The degenerate, isothermal 
core cools down as its residual heat escapes 
through the thin, nondegenerate envelope (the 
star’s atmosphere). Any gravitational energy re- 
leased by compression does not contribute to the 
luminosity; rather, it simply forces degenerate elec- 
trons into higher energy levels. Overall, the relation 
between a white dwarf’s age, as defined by its cool- 


ing time, and its luminosity is 


teool e Lat 

So as a white dwarf ages, it cools off at a slower 
rate until it becomes a black dwarf and no longer 
shines. 


| Chncept Applicatioh 


Cooling Time 


We can make a rough estimate of the cooling time 
as follows. The total thermal energy is N(3/2kT), 
where N is the total number of particles in the star. 
Assume a 0.8Mo star made of carbon with an av- 
erage internal temperature of 10’ K. Then the total 
thermal energy is about 10*°J, and at a constant 
luminosity of 10~3Lo, the star will have a thermal 
lifetime of 


tooo! = Ethermai/L 
~ 104° J/(10~3)(3.8 x 1076 J/s) ~ 10° years 


So it takes several billion years for a white dwarf 
to cool to a black dwarf. 


@ Observations 


In 1862, the American optician Alvan Clark ob- 
served Sirius B (Figure 17-2), the faint companion 
to Sirius A. Later, this star was found to be a white 
dwarf. Because Sirius B is part of a binary system, 
its mass can be calculated using Kepler’s third law 
‘Section 12-2). This calculation gives a value of 
about 1.05 + 0.03Mo for the mass of Sirius B. This 
star has a low luminosity, about 3 X 10-3Lo, and 
a high surface temperature, about 29,500 K, and so, 
trom L = 47R2oT4, it has a radius of around 7 X 
10°3Ro. Sirius B has an average density of about 
3 X 10°kg/m*. By coincidence, the brightest star 
in Canis Minor (the Little Dog, near Canis Major), 
Procyon, also has a white-dwarf companion. The 
existence of this companion was predicted in 1862 
trom the motion of Procyon and was observed in 
1882. Called Procyon B, it has a mass of about 
J.68Mg. The star 40 Eri B, also in a binary, has a 
mass of 043 + 0.02Mo. It appears that the masses 
of white dwarfs in binaries are basically the same 
as those of single stars. 
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Figure 17-2 A white dwarf. Sirius B (arrow), the binary 
companion to Sirius A. (Lick Observatory) 


In fact, it turns out, for faint stars near the Sun, 
that a large fraction are degenerate dwarfs. Because 
these stars are nearby, they also have large proper 
motions and show up in surveys. Because white 
dwarfs are so hot, they are much bluer in color 
than the common red dwarf stars, and so can be 
distinguished readily from them (Figure 17-3). 

White dwarfs tend to fall into two general cat- 
egories: those with spectra showing strong hydro- 
gen lines and those with spectra showing strong 
helium lines. White dwarfs with the strongest hy- 
drogen lines are put in class DA—D for dwarf and 
A to indicate that the spectra resemble those of A 
stars (strongest hydrogen Balmer lines). Those 
showing helium lines resemble stars of class B, and 
so are assigned spectral type DB. Cooler stars re- 
semble other spectral classes, and some white 
dwarfs show no lines in their spectra at all; they 
are called class DC, the C standing for continuous. 
The spectral lines tell only about the atmosphere of 
the star. Those stars with strong hydrogen lines 
may have a thin hydrogen atmosphere, but the in- 
terior is still an evolved core of carbon, helium, or 
other products of nuclear processing. 

An H-R diagram of DA white dwarfs for which 
reliable observational data are available (Figure 
17-4) shows that (1) the DA white dwarfs actually 
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Figure 17-3 Absolute visual magnitude and B — V 
color diagram for stars within 100 pc of the Sun from a 
survey by the U.S. Naval Observatory. The red dwarf 
stars (solid dots) fall in the band on the right; degenerate 
dwarfs (open circles) are in the band at the left. 
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fall along a temperature sequence from 6000 to 
31,000 K and (2) they lie parallel to lines of constant 
radius drawn on the H-R diagram. (Recall that 
L = 47RoT*. If R is kept constant, L will be high 
where T is high and low where T is low.) The av- 
erage radius of these stars is 0.013Ro. Typical val- 
ues for the physical properties of white dwarfs are 
mass 0.7Mo, radius 0.01Re@ (7 X 10°m), and den- 
sity 10° kg/m’. 


White Dwarfs and Relativity 


White dwarfs provide a test for the general theory 
of relativity, for their surface gravities are high 
enough to produce a detectable gravitational red- 
shift in their spectra. A gravitational redshift oc- 
curs whenever light moves from a stronger to a 
weaker gravitational field. As it does so, it must do 
work because a photon has an equivalent mass 
(E = mc?), anda gravitational field can affect it. In 
such a situation, an ordinary particle loses kinetic 
energy (as it gains gravitational potential energy) 
and slows down. Photons cannot slow down, how- 
ever; they travel only at the speed of light. Instead 
of slowing down, a photon’s loss of energy shows 
up as a decrease in its frequency (an increase 
in its wavelength), that is, as a/ redshift, because 
E = hy». 


Figure 17-4 H-R diagram for 
DA white dwarfs with well- 
known temperatures and lumi- 
___l  nosities. The lines indicate stars 
of constant radius. (Adapted 
from a diagram by V. Weidmann) 


The gravitational redshift produced by a star 
depends on its mass-to-radius ratio. The larger this 
ratio, the larger the gravitational redshift. To cal- 
culate the shift, imagine a photon leaving a mass 
and traveling to infinity. Its total energy is 


TE = PE + KE = constant 
but PE < 0 initially and PE = 0 at infinity, so that 
KE; = KE; + PE; < KE; 


If we use Newtonian gravitation, then we can 
imagine that the photon has “lost” kinetic energy 
and so its frequency changes (because its speed 
cannot): 


AKE = A(hv) = —GmM/R 
For a photon, 


m= E;/c? = hv;/c2 


so that 
h Av = —G(hv;/c?)M/R 
and 
Av/v; = —GM/c?R (17-3a) 
or 
AA/A; = GM/c?R (17-3b) 


where AA = Ap — Xi. These relations work fine for 
white dwarfs, because their gravitational fields are 
relatively weak, GM/c* R < 1. For stronger gravi- 
tational fields, we must use general relativity rather 
than Newton’s theory. This application results in 


Ay/Ai = [Ll — 2GM/Re2}/2, (47-4) 


where G is Newton’s gravitational constant, M is 
the object’s mass, R is its radius, and c is the speed 
of light. 

The observation is complicated by the motion 
of the star relative to the Earth because any radial 
velocity produces a Doppler shift (to the red if the 
star is receding). Therefore we see both shifts (grav- 
itational and Doppler) together. The two can be 
separated only if the star’s velocity through space 
can be determined, which is possible for binary sys- 
tems because their velocities in space can be deter- 
mined from the spectrum of the primary star. With 
the velocity known, the Doppler redshift is sub- 
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tracted from the total redshift to leave any gravi- 
tational redshift. For a white dwarf with M = 
0.6Mo and R = 0.01Ro, the gravitational redshift 
amounts to ~10~4. The measured redshift for Sirius 
B is 30 X 10-4. The predicted theoretical value is 
28 X 1074. Within experimental error, the redshift 
observation supports general relativity. 

Note that we can turn this procedure around 
and infer a white dwarf’s mass from its gravita- 
tional redshift. Measured values for redshifts range 
from 20 to 90 km/s. Results for a sample of 14 DA 
stars gives a mean mass of 0.66 + 0.05Mo. 


@® Magnetic White Dwarfs 


A few white dwarfs have intense magnetic fields— 
10? to 104 T at their surfaces. (Recall that the global 
magnetic field of the Sun is about 10~4T.) These 
strong fields are probably relics from the time be- 
fore the star became a white dwarf. The basic phys- 
ical concept that supports this idea is called con- 
servation of magnetic flux. Consider a star with a 
magnetic field. The magnetic flux is essentially the 
number of field lines (field strength) times the sur- 
face area through which they thread. Imagine com- 
pressing the star to a smaller size. The number of 
field lines remains the same but the surface area 
decreases, and so the field lines draw closer to- 
gether. The magnetic field strength increases be- 
cause the separation of the field lines indicates the 
intensity of the field. 

Because a star’s surface area depends on the 
square of its radius, its magnetic field strength 
must depend (if flux is conserved) on the inverse 
square of its radius. An example: Start with a star 
like the Sun, magnetic field about 10-4 T, ra- 
dius = 7 X 10°km. Imagine collapsing it to the 
size of a white dwarf, with a radius of 7 X 10° km. 
What does the conservation of magnetic flux pre- 
dict for the white dwarf’s field strength? We have 


Bya/Bo = (Ro/Rwa)? 


where Big is the white dwarf's field strength, Bo 
the Sun’s field strength, Ryqg the white dwarf’s ra- 
dius, and Ro the Sun’s radius. Then 


Bug = Bo(Ro/Rwa)? 
= (10~4)[(7 x 105)(7 x 10°)? = 1T 
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Although lower than the strongest observed fields, 
this result shows that the simple collapse idea is 
plausible if the star had a magnetic field like that 
of the Sun. 

Polarization observations of white dwarf mag- 
netic fields, which were pioneered by James Kemp, 
give fields as strong as 10*T! Such stars are rare: 
only a few percent of single stars and about 10% 
of those in binary systems. 


Brown Dwarfs 


There is another category of nonnuclear-energy- 
generating “stars” that must be distinguished from 
black dwarfs, white dwarfs, and even red dwarfs; 
these are the brown dwarfs. Rather than repre- 
senting a true star death, these objects more closely 
resemble gigantic planets than stars. They result 
from the gravitational collapse and contraction of 
protostellar nebulae but have insufficient mass to 
trigger nuclear reactions in their cores. Somewhat 
arbitrarily, an object is considered a planet if its 
mass is less than 0.002Mo and a brown dwarf if its 
mass lies in the range 0.002Mo to 0.08Mo. Objects 
more massive than 0.08Mo can develop sufficiently 
high central temperatures to sustain nuclear fusion. 
The only energy source for a brown dwarf, there- 
fore, is gravitational contraction. Brown dwarfs are 
cool and have very low luminosities and so are dif- 
ficult to observe. 

Theoretical models show that the boundary be- 
tween stars and brown dwarfs lies at about 0.07 to 
0.08Mo for a Population I chemical composition. 
Both kinds of pre-main-sequence objects go 
through a brief phase of deuterium buming, lasting 
10° to 10° years, when the energy output mostly 
comes from fusion rather than gravitational con- 
traction. After some 10° years of evolution, a 
0.08Mo star reaches stable hydrogen burning in its 
core with a power of a mere 4 X 107° solar lumi- 
nosity. Stars with lower mass never reach stable 
main-sequence hydrogen burning. 

Searches for brown dwarfs have been frustrat- 
ing until recently, when HST confirmed ground- 
based observations of the binary companion to the 
red dwarf, Gliese 229. The brown dwarf, called 
Gliese 229B, is roughly 20 to 50 Jupiter masses but 
about the size of Jupiter and orbits at a distance of 
some 40 AU. Brown dwarfs are hard to find be- 
cause they are rarely found alone and are outshone 
by their primary stars in a binary system. 


17-2 
NEUTRON STARS 


For contracting stellar corpses with masses greater 
than 1.4Mo, the degenerate electron gas pressure 
cannot hold off gravity. Matter is crushed to such 
high densities that inverse-beta decay occurs: 


pt+eontyp 


Literally, protons and electrons are squeezed into 
neutrons; a neutron gas forms. At about 10!’ 
kg/m?, the neutrons become subject to quantum 
laws and become a degenerate gas. In analogy to 
the behavior of a degenerate electron gas, a degen- 
erate neutron gas provides internal pressure to 
form a stable entity: a neutron star. Because the 
equation of state for a degenerate neutron gas is 
almost the same as for an electron one, neutron 
stars of greater mass will have smaller radii—and 
an upper mass limit (thought to be about 3Mo). 


Physical Properties 


Neutron stars have diameters of a few tens of ki- 
lometers, depending on their masses. Most of the 
interior consists of a neutron gas at such high den- 
sities that it is a fluid. The outer/few kilometers is 
a mixture of a neutron superfluid and neutron-rich 
nuclei arranged in a solid lattice. The structure is 
that of a crystalline solid, similar to the interior 
structure of a white dwarf. In the outer few meters, 
where the density falls off quickly, the neutron star 
has an atmosphere of atoms, electrons, and pro- 
tons. The atoms here are mostly iron. 

A neutron star has an enormous surface grav- 
ity. For example, a solar-mass neutron star with a 
radius of 12 km has a surface gravity 101! times 
greater than that at the Earth’s surface. This intense 


_ gravitational field results in a huge escape velocity, 


as much as 0.8c. Also, objects falling onto a neutron 
star from a great distance have at least the escape 
velocity when they hit. That means that even a 
small mass carries a huge amount of kinetic energy. 

The gravitational redshift from a neutron star 
is substantial. For a solar-mass neutron star about 
7 km in radius, 


AA/A; ~ GM/c2R 
_ (6.67 X 1074)(2 x 103°) 
~ (9 xX 10°*)(7 x 103) 
~ 0.2 


Name (PSR) 


1937 + 21 
1855 + 09 


0531 + 21 (Crab) 
0833 — 45 (Vela) 
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Properties of Selected Pulsars 


Period (s) dP/dt (10~'> s/s) |= DM(pc/cm?) 
0.001557 1.07 x 1074 71.2 
0.005362 46421 13.3 
0.033326 421 56.8 
0.089234 124 69.1 


This result means that light emitted at 600 nm 
would be shifted to 720 nm by the time it reached 
an outside observer. 


@ Pulsars—Rotating Neutron Stars 


In 1967, a large radio telescope was developed by 
Anthony Hewish in Cambridge, England, to study 
the scintillations of radio sources. Scintillation is 
the rapid twinkling of a radio source from density 
fluctuations in the interplanetary plasma (the solar 
wind) and in the interstellar medium; it is analo- 
gous to the twinkling of visible stars (from density 
fluctuations in the Earth’s atmosphere). Almost im- 
mediately, weak, precisely periodic radio signals 
were detected. 

Jocelyn Bell Burnell, then a graduate student in 
charge of preliminary data analysis, noticed a 
strange signal that suddenly disappeared only to 
reappear three months later. The Hewish group 
concentrated on this unusual signal and found ra- 
dio pulses occurring at a regular rate, once every 
1.33730113 s. Excited, they searched the sky for any 
similar signals and discovered three more objects 
emitting radio pulses at different rates. They con- 
cluded that the objects must be natural phenomena 


PSR wie 


Figure 17-S_ Pulsars at radio wavelengths, show- 
ing a variety of pulse shapes. (Adapted from a dia- 
gram by A.T. Moffet and R.D. Ekers) 


and named them pulsars. To date, some 150 pul- 
sars have been studied in detail. The total detected 
is roughly 500. Table 17-1 gives data on a few se- 
lected pulsars. 

For a given pulsar, the period between pulses 
repeats with very high accuracy, better than one 
part in 108. The amount of energy in a pulse, how- 
ever, varies considerably; sometimes complete 
pulses are missing from the sequence. Although the 
intensity and shape vary from pulse to pulse, the 
average of many pulses from the same pulsar de- 
fines a unique shape (Figure 17-5). The average 
pulse typically lasts for a few tens of milliseconds, 
with no detectable radio emission between pulses. 
Individual pulses may be resolved into 20 to 30 
subpulses of submillisecond duration, so that the 
primary pulses are actually the envelopes of these 
secondary pulses. Pulsars are most readily ob- 
served at low frequencies; for instance, the first dis- 
coveries were made at 81.5 MHz. The intensity of 
the pulses diminishes rapidly at higher frequencies, 
and the pulses become broader and more regular 
in shape. 

For the well-studied pulsars, periods range 
from 1.6 X 10-3 to 4.0s, with an average value of 
0.65 s. (A few pulsars are known so far to have mil- 
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lisecond pulses. The fastest one has a 1.6-ms inter- 
val; these are called millisecond pulsars.) In the 
cases where accurate radio observations have been 
made, periods have been noted to increase in reg- 
ular fashion. The rates of change have typical val- 
ues of about 10-8 s/year. Such small increases can 
be measured only with atomic clocks, whose sta- 
bility is better than 107!°s/year. Note that, very 
roughly, the pulse period P divided by its rate of 
change with time dP/dt gives an estimate of a pul- 
sar’s age: 


t ~ P/(dP/dt) 


What we have done here is to estimate the time for 
the pulse rate to decay from its present value to a 
very large interval. An example: the Crab pulsar 
(see the following discussion) has P = 0.03s and 
dP/dt = 1.2 X 1073 s/s, so that 


t ~ 0.03/(1.2 x 10-13) 
~ 10115 ~ 104 years 


Approximate distances to pulsars and some prop- 
erties of the interstellar medium may be deduced 
directly from pulsar observations. A given pulse 
arrives at the Earth later as we look at lower fre- 
quencies. This phenomenon is called dispersion, 
and it is due to a slowing down of the photon ve- 
locity by electrons in the line-of-sight to the pulsar 
(identical to the index of refraction discussed in 
Section 8-1 and the lower propagation velocity of 
light in a material medium). Longer wavelengths 
are slowed down more, and from the observations, 
we may deduce the mean electron density in the 
line-of-sight. Conversely, if we know (or can esti- 
mate) the mean electron density, the distance to the 
pulsar follows immediately. If pulses of two differ- 
ent frequencies f; and f) are emitted at time to, the 
times at which they arrive at the earth, t; and f2, 
are different. The times are given by the expres- 
sions t; — to = d/v, and tz — to = d/v2. We don’t 
know to, but we can measure ft, — t,, which is 
equal to (1/v2 — 1/v;)d. The velocities depend on 
the electron density, so if we know that, we can 
determine the distance d. 

The problem is that the interstellar medium 
does not have a constant density; it varies along 
the line-of-sight to the pulsar. Astronomers define 
the dispersion measure (DM) as the integrated 
electron density n, to a pulsar at distance d as 


d 
DM = | Ne dl 
0 


Then the difference between the pulse arrival times 
is related to the DM by 


tp — ty = 2e*/m,c(1/f? — 1/f12)DM 
Define the dispersion constant D as 
D = (h — HY/A/? — Wf?) 
then 


DM = 2mmcD/e2 


and, when DM is in the hybrid units pc/cm?, we 
have 


DM = 2.41 x 107¢D 


Combined with the observation that most pulsars 
lie at low galactic latitudes, the distance data imply 
that pulsars we see are quite local (within a few 
kiloparsecs) and lie in the galactic disk. 

Also, we know that the plane of polarization 
of linearly polarized radiation (Section 8-1) is ro- 
tated when the radiation propagates through a 
magnetized plasma. This effect, known as Faraday 
rotation, depends upon (1) the mean electron den- 
sity, (2) the mean magnetic field strength, (3) the 
square of the wavelength of the radiation, and (4) 
the distance traveled through the medium. In other 
words, for a given source, we can measure the an- 
gle through which the plane of polarization rotates 
as a function of wavelength. This gives a value for 
the product of the electron density and magnetic 
field strength integrated along the line-of-sight. 


_ Then if we can determine the electron density— 


and we can, from a value of the dispersion mea- 
sure—we can infer the mean component of the 
magnetic field strength along the line-of-sight. 

What mechanism keeps the precise clock of a 
pulsar? The accepted model is that of a rotating. 
magnetic neutron star known as the lighthouse 
model. The model has two key components: (1) the 
neutron star, whose great density and fast rotation 
ensure a large amount of rotational energy, and (21 
a dipolar magnetic field that transforms the rota- 
tional energy to electromagnetic energy. 


That neutron stars might possess extremely in- 
tense magnetic fields follows from the same con- 
servation-of-flux argument applied earlier to white 
dwarfs. (Recall that observational evidence sup- 
ports this argument; some white dwarfs have sur- 
face magnetic fields of roughly 10? T.) Imagine that 
our Sun collapsed to the size of a neutron star 7 
km in radius. Calculating the field strength from 
conservation of magnetic flux, we have 


Bns = Bo(Ro/Rns)? OO T: 


Actual observations indicate that the fields more 
typically have a strength of 108 T. The region close 
to the neutron star where the magnetic field di- 
rectly and strongly affects the motions of charged 
particles is called the pulsar’s magnetosphere. 
Here all the energy conversion takesplace. The mag- 
netic axis is tilted with respect to the rotational axis. 

As the pulsar spins, its intense magnetic field 
induces an enormous electric field at its surface. 
This electric field pulls charged particles (mostly 
electrons) off the solid crust of iron nuclei and elec- 
trons. The electrons flow into the magnetosphere, 
where they are accelerated by the rotating magnetic 
field lines. The accelerated electrons emit synchro- 
tron radiation in a tight beam more or less along 
the field lines. a 

You can now see how a pulsar emits regular 
pulses without actually pulsating. If the magnetic 
axis can fall within our line-of-sight, each time a 
pole swings around to view (like the spinning light 
of a lighthouse), we see a burst of synchrotron 
emission (Figure 17-6). The time between pulses is 
the rotation period. The duration of the pulses de- 
pends on the size of the radiating region. As the 
pulsar generates electromagnetic radiation, the 
torque from accelerating particles in its magnetic 
field slows down its rotation. This slowdown is 
observed. 

Here’s a simple argument that shows that fast 
pulsars must have neutron-star densities. Assume 
that the clock mechanism is rotation. A sphere can 
rotate only at a speed such that the centripetal ac- 
celeration V2/R at the equator is equal to or less 
than the gravitational acceleration GM/R?: 


V2/R = GM/R2 
and 


V = (GM/R)'? 
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Figure 17-6 Generic model for a pulsar. A rapidly ro- 
tating, highly magnetic neutron star can emit synchro- 
tron radiation along its dipolar axis. Note that the mag- 
netic axis is inclined with respect to the rotation axis. 


where V is the equatorial velocity of the sphere, R 
is its radius, and M is its mass. The period of a 
rotating sphere is 


P = 2nR/V 
so that 
P = 2mR/(GM/R)\/? = 2arR¥/2/(GM) 2 
but 
M = (4/3)nR°p 
so 


P = 2nR9/2/[G(4/3)mpR>]}/2 


= (3.8 X 105)/p!/2 5 (17-5) 


with the density in kilograms per cubic meter. For 
a period of, say, 2 ms, 


2 X 10s = 38 X 1051/2 
p/2 = 19 x 108 
p~ 4x 10 kg/m? 


just the bulk density of a neutron star. 
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Millisecond Pulsars 


Because of instrumental limitations, astronomers 
prior to 1982 had no luck in finding pulsars with 
periods much shorter than that of the Crab pulsar. 
Then, while investigating a peculiar radio source in 
the constellation of Vulpecula, radio astronomers 
homed in an extremely fast pulsar—a period of 
1.558 milliseconds (Figure 17-7). Applying the light- 
house model to this pulsar, called PSR 1937+21, 
requires that it spin 642 times per second (20 times 
faster than the Crab pulsar) so that its surface ro- 
tates at roughly one-tenth the speed of light. That 
also means that the neutron star lies very close to 
its breakup speed. Several other millisecond pul- 
sars (those with pulse periods of less than 10 ms) 
have been discovered in recent years. 

One of the curious features of fast pulsars is 
that their rotation rates are very stable. PSR 
1937+21, for instance, loses only 3.2 xX 107!*s/ 
year. This pulsar provides the best time standard 
available today, even beating out atomic clocks, 
which are accurate to a few microseconds in a year. 
This rate contrasts to the very fast spindown rates 
of ordinary pulsars. One explanation is that the 
millisecond pulsars have very weak magnetic 
fields, perhaps one thousand times weaker than 
typical. Then how did it become an observable 
pulsar? 

The scenario proposed is that of a pulsar res- 
urrected in a binary system. Millisecond pulsars 
may have once been formed in a supernova and 
aged gracefully. Then, billions of years later, their 
low-mass companions evolved finally to red giants 
and matter flowed from them into a disk around 
the dead pulsar. This material makes a rapidly 
spinning accretion disk around the neutron star. 
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The magnetic field of the pulsar is entwined with 
the disk; this linkage spins up the pulsar so that it 
lives again. 

One millisecond pulsar has gained notoriety as 
the so-called “black widow” pulsar. Its official as- 
tronomical name is PSR 1957+20; its special sig- 
nature is a flowing nebula streaming away from it. 
This pulsar generates a hot, high-speed wind, with 
particles traveling close to the speed of light. This 
wind does damage not only to the surrounding 
medium but also to the pulsar’s companion star. 
When it went through its red giant phase, this star 
resurrected the old pulsar by mass transfer and 
spinup. The pulsar’s wind now rams into the com- 
panion star, creating a shock wave, heating one 
side of the star to 5000 K, and stripping off the 
star’s surface material. So in a symbolic sense, the 
pulsar is gobbling up the star that gave it birth— 
and so may all millisecond pulsars. 


® Binary Pulsars 


Most stars in the Galaxy are members of binary or 
multiple-star systems. Even after one member of a 
binary becomes a supernova, the system usually re- 
mains intact. So a radio pulsar could exist in a bi- 
nary system. The first one observed is called PSR 
1913+16 and was discovered by Russell Hulse and 
Joseph Taylor in July 1974 during a search for new 
pulsars. This pulsar first attracted attention because 
its pulse period was only 0.059 s. When Hulse and 
Taylor reobserved PSR 1913+16 in September 1974, 
they found that its period went through a large cy- 
clical change in only 7.75h. They recognized that 
such regular changes would naturally come about 
in a binary system consisting of the pulsar and a 


1412 MHz 


Figure 17-7 . Early observa- 
tions at 1412 MHz of PSR 
1937 +21, the first millisecond 
pulsar to be discovered. Note 
that the time span of these 
series of pulses is only about 
10 ms. (D.C. Backer, S.R. Kul- 
karni, C. Heiles, M.M. Davis, 
and W.M. Goss) 


Radial Velocity (km/s) 


Orbital Phase 


Figure 17-8 Doppler shift in the radial velocity of bi- 
nary pulsar PSR 1913+16 from its motion about the cen- 
ter of mass. (Adapted from a figure by R. Hulse and J. 
Taylor) 


companion with an orbital period of 7.75 h. What 
was seen was a Doppler shift in the signal pro- 
duced by the orbital motion of the system (Figure 
17-8). When the pulsar is moving away from us, 
its pulses are spread out and come at longer inter- 
vals. When it is moving toward us, the pulses are 
pushed together and come at shorter intervals. 
PSR 1913+16 lies about 5 kpc from us. Visual 
and X-ray observations have so far failed to detect 
either the pulsar or its companion. Radio observa- 
tions alone indicate an orbital semimajor axis of 


Figure 17-9 Optical pulses 
from the Crab pulsar. At left, 
we see the peak of an optical 
pulse; at right, offpeak. (Lick 
Observatory) 
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only 7 X 10°km—a solar radius! The combined 
mass is 2.83Mo, and so if the pulsar has a mass of 
about 2Mo (a typical neutron star), its companion 
has a mass of about 0.8Mo. The companion might 
be a white dwarf. 


The Supernova Connection 


Supernovae are the cataclysmic explosions of stars 
at the end of their lives (see Chapter 18 for details). 
These explosions involve the collapse of the core 
that results in the detonation of massive stars such 
that most of the mass is blown away. The core col- 
lapse reaches the extreme densities needed to cre- 
ate a neutron star. If this model is correct, we 
would expect to find neutron stars as pulsars as- 
sociated with the remnants of supernovae. Two 
cases are the most famous: the Crab Nebula [Sec- 
tion 18-5(C)] and the Gum Nebula. Several other 
good candidates have also been discovered. 

David H. Staelin and Edward C. Reifenstein 
discovered the Crab Nebula pulsar (Figure 17-9), 
called PSR 0531+21. (PSR stands for pulsar, and 
the numbers 0531+21 refer to its celestial coordi- 
nates in the sky—Appendix 10.) PSR 0531 +21 has 
a pulse period of 0.033 s, or 30 pulses/s. The Crab 
pulsar was the first discovered to emit optical 
pulses as well as radio ones (Figure 17-10); the op- 
tical and radio pulses were found to have the same 
period. Observations of these visible pulses 
showed a smaller pulse between the main peaks 
(Figure 17-10B), called an interpulse. Remarkably, 
the star emitting these pulses was picked out by 
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Figure 17-10 Crab pulses from radio waves to X-rays. (A) X-ray flux; (B) optical; (C) 
196 MHz; and 111 MHz. Note how the relative height and sharpness of the primary and 


secondary pulse changes with wavelength. 


Walter Baade and R. Minkowski in 1942 as a pos- 
sible candidate for the stellar remnant of the su- 
pernova. Although this star is now known to be 
the pulsar, astronomers had observed it for years 
without noticing the optical blinking; a flicker of 30 
times per second would be masked in ordinary 
photographs. Special stroboscopic techniques were 
used to determine the period of the optical pulses. 

The Crab pulsar is the only one so far observed 
to pulse in the infrared, radio, optical, X-ray and 
gamma-ray regions of the spectrum (Figure 17-7). 
The total energy emitted in the pulses is about 
108 W. The Crab pulsar was one of the first mea- 
sured to exhibit a slowdown in pulse period, at a 
rate of about 4 x 107! s/s or 10~° s/year. 

The discovery of the Crab pulsar solves the en- 
ergy source of the Crab Nebula. Summing over all 
wavelengths, the Crab Nebula emits about 1031 W. 
If the pulsar is a rotating neutron star, its slow- 
down in period gives a change in rotational energy 
of about 5 X 10°! W. That’s enough to power the 
nebula—if the rotational kinetic energy of the neu- 
tron star can somehow be converted to kinetic and 
radiative energy of the nebula. That’s exactly what 


i” 


happens in the highly magnetic, rapidly rotating 
neutron-star model for pulsars. Let’s look at this 
point in detail. 

The rotational kinetic energy of the mass is 


Exot = (1/2)Iw2 


where I is the moment of inertia and w is the ro- 
tational angular velocity, with 


w = 27/P 
For a sphere of uniform density, 
I = (2/5)MR? 
where R is the radius. Now suppose some process 


converts all the rotational energy to radiative en- 
ergy; then conservation of energy requires 


dE paa/dt + dE,/dt = 0 
but 
dE, o/dt _ (1/2)d/dt(Iw*) 
= (1/2)(d/dt)[(2/5)MR?(277/P)?] 
(4/5)m2MR2(d/dt)(1/P2) 
—(8/5)2MR2P-3 (dP/dt) 


= 


SS 
Note, however, that 

L = dEyaq/dt = —dE,o/dt 
so that 

L = (8/5)m2MR?P 3 (dP/dt) 
and 

dP/dt = (5/87?)(LP*/MR?) 


which implies that the pulse rate should slow 
down as the pulsar loses energy. Use 1Mo for M, 
10 km for R, 10°! W for L, and 1s for P to get, asa 
rough estimate, 
dP/dt = (5/8m*)(1071)(19)/(2_ x 103°)(104)? 
= (5/1677)(1071/10°8) ~ 10-8 s/s 


For the Crab pulsar, P ~ 0.03 s, and so 
dP/dt ~ 10-3 s/s 


(17-6) 


which is the observed rate of slowdown. 

If the Crab pulsar were the only one associated 
with a known supernova remnant, it might be a 
coincidence, but we know of another one: the pul- 
sar in the constellation Vela, called PSR 0833-45. Its 
optical pulses come every 80 ms and have two 
peaks separated by about 22 ms. Gamma-ray tele- 
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Figure 17-11 Optical and gamma-ray pulses from the 
Vela pulsar. 
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scopes have also detected pulses for Vela (Figure 
17-11). The period of the Vela pulsar also slows 
down but at the slightly different rate of about 
1.3 X 1073 s/s (4 x 10~6s/year). So it, too, pro- 
vides support for the lighthouse model of pulsars 
and the supernova-neutron-star connection. So far, 
searches for the pulsar from SN 1987A have been 
unsuccessful, even though two separate groups at 
one time thought they had detections. 


17-3 
BLACK HOLES 


A black hole is a region of spacetime in which grav- 
ity is so strong that nothing, not even light, can 
escape it. Once a certain minimum mass gets to- 
gether in a small enough volume, it must eventu- 
ally become a black hole—collapsing by its own 
gravity after all its nuclear fuel is exhausted. De- 
generate gas pressures support white dwarfs and 
neutron stars. But, no known physical force can 
stop the self-swallowing of mass that makes a black 
hole. And that minimum mass is not large—about 
three times the Sun’s mass. No material can with- 
stand this final crushing point of matter. The vol- 
ume will continue to decrease until it reaches zero; 
the density will increase until it becomes infinite. 
Neither of these events can be exactly true for a 
real object in this Universe. This theoretical collapse 
of a nonrotating mass to a singular point of zero 
volume and infinite density, called a singularity, 
marks a breakdown of the laws of physics as we 
know them. 


Basic Physics of Black Holes 


Here’s a simple way to picture a black hole. Con- 
sider an escape velocity such that, when an object 
leaves with just the escape speed, it will have zero 
velocity out at “infinity.” There, its total energy 
(KE + PE) is 
TE = (1/2)mv? — GmM/R = 0 

Because total energy must be conserved, at the mo- 
ment of launch we require 


TE = 0 = (1/2)mVa,2 — GmM/R 
(1/2Wasc? = GM/R 
Vesc = (2GM/R)”? 
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Now no object can travel faster than the speed of 
light, and so the maximum escape speed is c. Then 
the equation for the black-hole radius is 


R = 2GM/c? (17-7a) 
In units of solar masses for M, 
R = 3Mkm (17-7b) 


This critical radius is called the Schwarzschild ra- 
dius, after the German astrophysicist Karl Schwarz- 
schild, who worked out this solution shortly after 
Einstein published his general theory of relativity. 
For the Sun, the Schwarzschild radius of 3km 
would require compression to a density of roughly 
10° kg /m?—about the same density as the nucleus 
of an atom. 

To examine the strange structure of spacetime 
around a black hole, let us take a theoretical jour- 
ney into one. Start out from a spaceship orbiting a 
black hole of mass 10Mo at a distance of 1 AU. The 
ship orbits the black hole in accordance with Kep- 
ler’s laws, as it would any ordinary mass. In fact, 
Kepler’s third law and the spaceship’s orbit permit 
you to measure the hole’s mass. You will hop in 
with a laser light and digital watch to send signals 
back to the spaceship. 

For a long time as you fall toward the black 
hole, nothing strange happens, but as you get 
closer, stronger and stronger tidal gravitational 
forces stretch you out from head to toe and squeeze 
you together at the shoulders. Near a black hole, 
tidal forces grow enormously because of their in- 
verse-cube dependence on distance. Ordinary hu- 
man beings would be ripped apart at about 3000 
km from a black hole of mass 10Mo. You cross the 
Schwarzschild radius! But nothing new happens, 
no signs mark the edge of the black hole. The trip 
now swiftly ends. About 107° s after you cross the 
Schwarzschild radius, you crash into a singularity. 
Crushed to zero volume, you are destroyed. 

What of the view from back in the spaceship? 
As you drop closer to the black hole, the light from 
your laser is redshifted, as given by Equation 
17-4, a gravitational redshift. The time between la- 
ser flashes increases because of the time-dilation ef- 
fect predicted by general relativity. As you come 
closer to the Schwarzschild radius, the watches get 
more and more out of synchronization. In fact, a 
laser burst sent out just as you cross the Schwarz- 
schild radius would take an infinite time to reach 
the spaceship—even though the light is moving at c! 


It also would suffer an infinite redshift (Equation 
17-4). The fall seems to grow slower and slower to 
an outside observer as you get closer to the black 
hole. Time slows down so much that it seems to be 
frozen to a distant observer. The light gets more 
and more redshifted until it can no longer be de- 
tected. A black hole practices cosmic censorship; it 
prevents any outside observer from seeing you fall 
into it. 

Note that any mass can become a black hole if 
crushed to its Schwarzschild radius. These black 
holes will also exhibit relativistic time dialations 
and redshifts—and contain singularities. Black 
holes of a few stellar masses naturally form in star- 
deaths, and these have high tidal forces. 


@ The Structure of Spacetime 
Around a Black Hole 


Let’s look at the geometry of spacetime outside a 
black hole. To do so, we will have to examine a 
spacetime diagram for the geometry there. We get 
the appropriate spacetime map by solving Ein- 
stein’s equations of general relativity to find the ge- 
ometry of spacetime for an empty region of space 
surrounding a nonrotating, spherical mass (the 
simplest case). The main point is this: Spacetime is 
not static, but dynamic. You will also see that space- 
time does even stranger things than have been de- 
scribed so far. 

The spacetime diagram (Figure 17-12) has co- 
ordinates that are not space and time as you ex- 
perience them. The horizontal axis has properties 
that are space-like and the vertical one has prop- 
erties that are time-like, but they are not exactly the 
same as measured space and measured time. Past 
is at the bottom of the diagram, future at the top. 
Light follows a special path in this spacetime dia- 
gram, it moves at 45° with respect to the axes. Any 


’ object moving slower than light has a path between 


the time-like axis and the light path; a path be- 
tween the light line and the space-like axis repre- 
sents something moving faster than light, which is 
not normally possible. 

The diagram has been divided into four re- 
gions separated by event horizons. (An event ho- 
rizon is another term to describe the Schwarzschild 
radius; it emphasizes the fact that any events tak- 
ing place inside the Schwarzschild radius are cut 
off from outside view; they are beyond our visible 
horizon.) Note that a singularity exists both at the 
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Figure 17-12 Spacetime diagram around a black hole. (Adapted from a diagram by R. 


Ruffini and J. Wheeler) 


top (future) and bottom (past) of the diagram. Also 
drawn in the diagram is the path of a spaceship 
orbiting the black hole (line O) and that of a person 
jumping into the black hole from the spaceship 
(path A to F). 

With these preliminaries in mind, look at the 
journey into a black hole, described previously, in 
the spacetime diagram. As the spaceship orbits the 
black hole, it moves along line O from past to fu- 
ture (to the upper right). Your friend jumps out of 
the spaceship at A. Her laser signals are indicated 
by wavy lines; note that these lie at 45° with respect 
to the axes. The point at which the wavy line 
crosses line O is the point where and when you see 
it. The pulse emitted at B crosses line O, but the 
pulse emitted at C, that is, as your friend crosses 
the event horizon (Schwarzschild radius), does not 
intercept O until an infinite time has passed. All 
photons emitted after she crosses the event horizon 


(at D and E, for example) eventually get gobbled 
up in the singularity. At point F, your friend 
plunges into the singularity. You cannot see any 
events at C or beyond. 

This example shows that region I is our region 
of spacetime, that is, our Universe outside the black 
hole. Region II is that part of spacetime within the 
Schwarzschild radius and containing the (pre- 
dicted) singularity. What about region III? It’s the 
mirror image of region I: another realm of space- 
time outside of event horizons and singularities. At 
the bottom of the diagram, region IV, lies a sin- 
gularity that is the mirror image of the one at the 
top, that is, a singularity in the past, or a time- 
reversed black hole. Notice that a permitted photon 
path (from X) can cross the event horizon into re- 
gion I, our Universe. This we would see as light 
erupting from an event horizon, a phenomenon 
sometimes called a white hole. 
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Region III is inaccessible, and so we cannot 
demonstrate its existence. We are in region I. Sup- 
pose we tried to travel to region III along path 
AA". To go that way means we must travel faster 
than light because such a path makes less than a 45° 
angle with the space-like axis. In fact, if we exam- 
ine the figure, no path from region I to III requires 
less than light speed. Any slower-than-light path 
crashes into the top singularity. So we have no ac- 
cess to region III. Also, we cannot reach region IV 
because it lies in the past and we cannot travel back 
in time. We can get into region II, but we can’t get 
out. 

One special solution to Einstein’s equations of 
general relativity indicates one way to avoid the 
singularity—by making a black hole of rotating 
matter. The angular momentum gives spacetime 
around the black hole a different character that 
avoids the singularity problem. 


Observing Black Holes 


You cannot observe an isolated black hole; you can 
only detect it by its interactions with other material. 
Any matter falling toward a black hole gains ki- 
netic energy and heats up, becomes ionized, and 
emits electromagnetic radiation. If its temperature 
reaches a few million kelvins or so, the material 
gives off X-rays. A black hole passing through an 
interstellar cloud or close to a star can sweep ma- 


Accretion Disk 


Black Hole 


terial into it and radiate. If the accreted material 
has some initial angular momentum, it will form a 
disk around the black hole—an accretion disk that 
will be the source of X-rays (Figure 17-13). Thus, 
X-ray sources are good candidates for black holes; 
you'll find specific ones discussed in detail in Sec- 
tion 18-6. 

The general argument goes like this: The lu- 
minosities of galactic X-ray sources range from 
1076 to 10°!J/s. To emit strongly at, say 0.3nm 
(3 xX 107!°m), the temperature is about 107K 
(Wien’s law; Section 8-6). To produce a luminosity 
of 10°°J/s at this temperature, an object radiating 
like a blackbody would need a radius of roughly 


R = (LAmoT*)!/2 
= 10km 


That’s about the radius of a neutron star, or the size 
of the accretion disk around a black hole. 

How rapidly must mass fall into such an object 
to produce the X-ray luminosity? Suppose an object 
of mass M and radius R has an accretion rate of 
dm/dt per second. The gravitational energy pro- 
duced is ] 


dE grav/dt = (GM/R) dm/dt 


and if all of this energy is converted into radiation 
(efficiency = 100%), this is the luminosity L of the 
source. Therefore, for L = 103°J/s, M = 1Mo, and 
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Figure 17-13 Schematic view of an 
accretion disk around a black hole. It 
forms from material from a binary 
companion star that, in this case, has 
filled its Roche lobe. 


R = 10km 
L = (GM/R) dm/at 
or 


dm/dt = RL/GM 
= (104)(109°)/(6.7 x 10-")(2 x 10°°) 
= 75 X 108kg/s ~ 10°? Mo/year 


Problems 349 


a rate of accretion easily obtainable in a close bi- 
nary system. Of course, 100% conversion will be 
hard to achieve, but even 50% requires an accretion 
rate only double that discussed previously. The 
point here is that binary X-ray sources are the best 
suspects for containing black holes. 
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1. (a) A white dwarf has an apparent magnitude 
my = 85 and parallax am = 0.2”. Its bolometric 
correction is —2.1 mag, and Ter = 28,000 K. As- 
sume A, = 0. Calculate the radius of the star. 
Compare your value with the radius of the Earth. 

(b) A neutron star has Terp = 5 X 105K and a radius 
of 10 km. What is its luminosity? 

(c) A protostellar cloud starts out with Ter = 15K 
and R = 4 X 104Ro. Determine L/Lo and the 
wavelength of the peak of the Planck curve. 

2. Calculate the kinetic energy (mv?/2) for each of the 

following: 

(a) a nova outburst that accelerates a mass of 
107-5Mo to a velocity of 10? km/s 

(b) the formation of a planetary nebula in which 
a mass of 0.1Mo is accelerated to a velocity of 
20 km/s 

(c) a supernova outburst that accelerates a mass of 
1Mo to a velocity of 4 x 103km/s 

How many years would it take the Sun to radiate 

away these energies? 


3. How hot would a cloud of material become falling 
into a black hole? If it emitted as a blackbody, at 
what wavelength would it peak? (Ignore gravita- 
tional redshifts.) 


4. Calculate the Schwarzschild radius for 
(a) the Earth (c) a globular cluster 
(b) the Sun (d) the Galaxy 
What trend do you notice? 


5. Consider stars of mass 1Mo. Compute the mean 
mass density for the following: 
(a) our Sun (Ro = 7 X 10°km) 
(b) a white dwarf (R = 104km) 
(c) a neutron star (R = 10 km) 
Now consider a !*C nucleus of radius r = 3 x 
10-15 m and compute its mean density. Discuss the 
significance of all these results! 


6. The oldest white dwarfs were formed about 10!° 
years ago with initial temperatures of about 10° K. 
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Determine the current temperature of an old white 
dwarf of maximum mass 1.4Mo, radius 7 X 10°m, 
and age 1 X 10!° years. Assume for simplicity that 
the density is constant throughout the star. What is 
the current wavelength of maximum intensity of this 
“white” dwarf? [Hint: Since the star cools by radiat- 
ing as a blackbody, set L = —volume X number 
density of particles x k(dT/dt), where k is Boltz- 
mann’s constant. To solve this equation, separate the 
variables by putting all terms involving T on the left- 
hand side; then integrate.] 


. The speed of sound, given by c, = (5P/3p)'/? for a 
nonrelativistic gas, where P is the pressure and p the 
density, is the speed at which a star will pulsate once 
oscillations are generated. Determine the speed of 
sound and the period of pulsations ~R/c, as a func- 
tion of mass (in solar units) for a nonrelativistic white 
dwarf (equation of state P ~ 3.2 x 10%5/3 in SI 
units). Assume constant density and pressure. How 
does this time scale compare with the periods of the 
fastest pulsars? Is it possible for pulsars to be pul- 
sating white dwarfs? 


. The Crab Nebula pulsar radiates at a luminosity of 
about 1 x 10°!W and has a period of 0.033s. If 
M = 14Mo and R = 1.1 X 104m, determine the 
rate at which its period is increasing (dP/dt). How 
many years will it take for the period to double its 
present value? (Hint: You must integrate after isolat- 
ing all the terms involving P on the left-hand side for 
the latter calculation.) 


. Equation 17-4 describes the redshift of electromag- 
netic waves emitted near a massive, compact object. 
Because time is in many respects the inverse of fre- 
quency, we can express the time-dilation effect by the 
formula At/Atop; = ¥/v;, where At’ is a time interval 
between two events (for example, consecutive ticks 
of a clock) in the source’s frame and Atop, is the time 
interval between the same two events as measured 
by the observer. Notice that a clock placed ina strong 
gravitational field ticks more slowly than normal as 
observed by a distant observer, while a distant clock 
ticks more rapidly as observed by an observer in the 
gravitational field. 

(a) How would a distant observer describe how the 
timing of events (time between events, how long 
events last, and so on) changes for an object 
falling into a black hole? Does the observer ever 
see the object cross the Schwarzschild radius? 
Comment. 

(b) Now describe the timing of distant events as ob- 
served by an observer falling into a black hole. 
What does the observer see as she or he crosses 
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11. 


12. 


13. 


14. 


15. 


the Schwarzschild radius? Is there a paradox 
here? If so, can you resolve it? 


A neutron decays into a proton, electron, and anti- 
neutrino via the weak nuclear interaction after about 
15 min when it is outside the nucleus of an atom. 
Now imagine that a neutron is freed from its nucleus 
3.00 km from the center of a black hole of mass 
1Mo. How long will it take the neutron to decay as 
measured by a distant observer? (Use the expression 
for time dilation given in the previous problem.) 


A star identical to the Sun is in a binary system with 
a black hole of mass My. Assume for simplicity that 
the density of the star is uniform and that the orbit 
is circular. . 

(a) Use Equation 3-9 to obtain the minimum sepa- 
ration from the black hole the star must have in 
order not to be torn apart by tidal forces. 

(b) At what black-hole mass is this minimum sepa- 
ration less than the Schwarzschild radius? Black 
holes more massive than this can swallow a star 
whole! 


Assume a brown dwarf’s luminosity derives from 
gravitational contraction. Its mass is 0.05Mo, and its 
luminosity is 3 X 10~°Lo. If we jassume that its 
luminosity has been constant (evén when the star 
had a much larger radius), how long can a star of 
this type radiate before the contraction is halted by 
electron degeneracy pressure (when R ~9 X 
10&M—!/3 m, where M is in solar units)? 


A typical young neutron star has a radius of about 

10* m and a temperature of roughly 10° K. 

(a) What is the blackbody luminosity of such a neu- 
tron star? 

(b) What is the maximum distance a neutron star 
with these properties could have and still be de- 
tected by its optical blackbody radiation? Assume 
a limiting magnitude of 25 for detection and a 
bolometric correction of zero. Comment. 


A cloud of hot gas is in a Keplerian circular orbit of 
radius 4.0 X 104m about a black hole of mass 
10Mo. Plot the ratio of observed-to-rest frequency or 
wavelength versus time over one orbital period of an 
emission line radiated by the cloud, as seen by an 
observer who views the orbital plane edge-on. In- 
clude both the gravitational and normal Doppler ef- 
fects and use the relativistic formulas. 


A magnetic dipole rotating with a period P radiates 
with a luminosity that is proportional to P~+. 


16. 


17. 


18. 


(a) Show that, long after its formation, a pulsar slows 
down according to the law P « #}/? (approxi- 
mately). 

(b) Using the result from part (a), show that the lu- 
minosity of the pulsar decreases approximately 
as L x t7?, 


For the Crab pulsar, calculate the difference between 
pulse arrival times at 430 and 196 MHz. Then com- 
pare this difference to that for the other pulsars listed 
in Table 17-1. 


Use the information in Section 17—2(D) and Kepler's 
third law to determine the sum of the masses of the 
components in the PSR + 065564 binary system. 


What would be the rotation period of the Sun if it 
collapsed to a radius of 10 km without losing angular 
momentum? Compare your result to the rotation pe- 
riods of known pulsars. 


19. 


20. 
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Compute the differential tidal force (see Chapter 3) 
on a person 3000 km from a 10Mg black hole. (As- 
sume the person’s mass is 90 kg and height is 2 m.) 


By examining the gravitational redshift equation, you 
should see that the relativistic time dialation relates 
directly to it, if you think in terms of frequencies 
rather than wavelength. Consider two clocks, one 
keeping time T at distance R, froma mass, the other 
Tz at distance Rz. Then the times are related by 


E/T, = [(1 — 2GM/R2c?)/(1 — 2GM/R,c?)]}/2 


(a) Compare clocks, one at the surface of a neutron 
star, the other far away. 

(b) Compare clocks, one at the surface of a white 
dwarf, the other far away. 

(c) Compare clocks, one just outside the Schwarz- 
schild radius of a 3Mo black hole, the other far 
away. 


Variable and 
Violent Stars 


hapters 16 and 17 discussed the evolution of the 

majority of the observed stars, slowly changing 
normal stars. We alluded to the existence of rapidly 
evolving and spectacularly changing stars and 
mentioned that most normal stars pass through 
several such phases during their lifetimes. Some in- 
volve strong stellar winds and extended atmo- 
spheres. Others result in changes in stellar interiors. 
This chapter presents the observational and phys- 
ical properties of such variable stars, which pass 
through intriguingly peculiar phases of stellar ev- 
olution. It illustrates the diverse phenomena of stel- 
lar astrophysics. 


NAMING VARIABLE STARS 


The variable stars of primary interest are the in- 
trinsic variables, a term used to differentiate these 
stars from the geometric variables—extrinsic vari- 
ables (such as eclipsing binary stars). Intrinsic vari- 
ables may be roughly divided into two categories: 
(1) pulsating stars, whose atmospheres undergo 
periodic expansion and contraction, and (2) erup- 
tive, or explosive, variables, which exhibit sudden 
and dramatic changes. The pulsating stars include 
Cepheids, RR Lyrae stars, the irregular RV Tauri 
stars, and the long-period Mira stars. Novae, dwarf 
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novae, and supernovae are some eruptive vari- 
ables. Variables that do not fit neatly into either 
category include flare stars, T Tauri stars, spectrum 
variables, and magnetic stars. Tables 18-1 to 18-3 
list the characteristics of the most important types 
of variable stars; Figure 18-1 indicates their generic 
positions in the H-R diagram. 

A single star may pass through several stages 
of variability during its evolution. A star of one 
solar mass may initially be a T Tauri star before 
settling onto the main sequence; then, much later, 
it may pulsate as an RR Lyrae star after passing 
though the red giant stage. In later stages of evo- 
lution, massive stars are observed as Cepheid vari- 
ables, following the giant or supergiant stage. To 
become a white dwarf, a massive star must lose 
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Figure 18-1 Locations of selected variable stars on the 
H-R diagram. (Adapted from a diagram by J.P. Cox) 


much of its mass, and it may do this as a red giant, 
a planetary nebula, or a supergiant. 

To designate variable stars (both intrinsic and 
geometric), astronomers have devised a special sys- 
tem of nomenclature. Each variable star is given a 
set of capital letters followed by the genitive name 
of the constellation (Appendix 2) in which the vari- 
able occurs. The capital letters follow an alphabetic 
sequence based on the order of discovery: the first 
variable discovered in a given constellation is des- 
ignated R, with the rest of the alphabetic through 
Z used for successively discovered variables. After 
Z, double letters are used in the order RR, RS to 
RZ, SS, ST to SZ, ..., ZZ. Then we return to the 
beginning of the alphabet (the letter J is omitted to 
avoid confusion with I): AA, AB to AZ, BB, BC to 
BZ, ..., QZ. If there are more variables within a 
constellation, we resort to numbers starting with 
V335 (V for variable) because the single and double 
letters have already accounted for 334 variables. 
Some examples of variable-star designations are (in 
sequence!) R Monocerotis, T Tauri, RR Lyrae, UV 
Ceti, AG Pegasi, BF Cygni, V378 Orionis, and V999 
Sagitarii. 

In the past, novae were not included in this 
system; each was simply designated by the con- 
stellation name and year of occurrence (such as 
Nova Aquilae 1918). Since 1925, novae have been 
given variable-star designations, such as RR Picto- 
ris and DQ Herculis; today, even the earlier novae 
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have been assigned such designations, so that 
Nova Aquilae 1918 is also known as V603 Aquilae. 

Variable stars that are bright enough to have 
been given a proper name or a Greek-letter desig- 
nation have not been renamed. Therefore, we have 
Beta Lyrae, Delta Cephei, and Algol, all of which 
are well-known variables and prototypes of their 
classes. 


mm 18-2 


PULSATING STARS 
Observations 


The most important of the pulsating stars are the 
Cepheid variables. The light curves of pulsating 
stars exhibit continual changes in brightness. The 
spectra of pulsating stars also vary periodically, 
corresponding to changes in stellar surface temper- 
ature that may range over an entire spectral class. 
The spectral lines show variable Doppler shifts, 
from which radial velocity curves (for the stellar 
atmosphere) are deduced. From the periodic radial 
velocities, we find that variable stars alternately ex- 
pand and contract; we can measure the changes in 
radii (Figure 18-2). 

In general, the characteristics described in this 
section pertain to all pulsating stars. Table 18-1 
summarizes the distinguishing features and popu- 
lation characteristics of the several main types of 
pulsating stars. 

The Cepheids and RR Lyrae stars lie in a region 
of the H-R diagram called the instability strip. As 
low-mass Population II stars (0.5Mo to 0.7Mo) tra- 
verse this strip during their core helium-burning 
phase, they become unstable and pulsate; these are 
the RR Lyrae stars. Population I stars of 3 to 
18Mo also cross the upper region of this strip dur- 
ing their phase of core helium burning; they also 
pulsate, becoming the Cepheids. 


® A Pulsation Mechanism 


A star pulsates because it is not in hydrostatic equi- 
librium, the force of gravity acting on the outer 
mass of the star is not quite balanced by the interior 
pressure (Section 16-1). If a star expands as a result 
of increased gas pressure, the material density (and 
pressure) decreases until the point of hydrostatic 
equilibrium is reached and overshot (as a result of 
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Figure 18-2 Observed properties of a pulsating star. 
Variations with phase of radial velocity curve for 
changes in magnitude (dashed curve for a constant ra- 
dius), temperature, spectral type, radial velocity, and ra- 
dius. (Adapted from a diagram by W. Beckers) 


the momentum of the expansion). Then gravity 
dominates, and the star starts to contract. The mo- 
mentum of the infalling material carries the con- 
traction beyond the equilibrium point. The pres- 
sure is again too high, and the cycle starts anew. 
Energy is dissipated during such pulsation (anal- 
ogous to frictional losses), and eventually this loss 
of energy should result in a damping of the pulsa- 
tions. The prevalence of regularity of pulsating 
stars imply that the dissipated energy is replen- 
ished in some way. 

The rate at which energy is transported out- 
ward from the stellar interior can be altered by a 
damming process. The interior’s opacity directly af- 
fects the amount of radiative energy absorbed; 
therefore, a changing opacity will act as a valve. 
When the stellar atmosphere is transparent, radia- 
tion flows freely and the star is bright. When the 
opacity is greatest and radiation is prevented from 
escaping, the star is faint. If the star is compressed 
at the time of greatest opacity, the excess radiation 
is dammed up and exerts pressure on the outer lay- 
ers of the star; this process provides the energy nec- 
essary to continue the pulsations. The atmospheres 
of pulsating stars have a zone in which the opacity 
increases because singly ionized helium absorbs ul- 
traviolet radiation to become doubly ionized. The 
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He* ionization region (sometimes called the He par- 
tial ionization zone) is cooler than the surrounding 
regions because energy normally used to heat the 
gas is used to ionize it. The helium ionization zone 
contributes to the instability of the stellar atmo- 
sphere and so perpetuates the pulsations. (Ioniza- 
tion zones of other elements, such as H and C, can 
function in similar ways.) 

Pulsating stars occupy well-defined areas of 
the H-R diagram (Figure 18-1); this observation 
can be explained in terms of the depth of the He* 
ionization zone. This depth depends upon the 
structure of the star, which in turn is a function 
of the star’s stage of development. When the zone 
lies too deep, the valve action is insufficient to 
overcome damping. When the zone is shallow, 
the damming action is inefficient and pulsations 
are not given the necessary impetus. The period- 
luminosity law (next section) is explicable in terms 
of the position in the H-R diagram at which the 
star becomes unstable to this damming valve 
mechanism. 

Regardless of the pulsation mechanism, we can 
generally relate a star’s period of pulsation to its 
average density. After maximum expansion, the 
star’s layers free-fall inward. We consider this infall 
as a special case of orbital motion—along a straight 
line! So the gas obeys Kepler’s law: 


P?/R° = 4717?/GM, 


where P is the pulsation period, R is the star’s ra- 
dius, and M is its mass; hence, 


P? « R°/M 
but 
M « (oR? 
where (p) is the average density. Then 


P? « R¥/(p)R3 
x 1/(p) 
so that 
P(p)'/* = constant (18-1) 


Then the ratio of the pulsation periods for two dif- 
ferent Cepheids is inversely proportional to the ra- 
tio of the square roots of their average densities: 


P,/Pg = ((pp)/(pa))/2 


which is observed to be approximately the case. 
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F Concept Application | 


Pulsating Stars 
If a star radiates like a blackbody, you know that 
L & R°Teg¢ 


then if a pulsating star is observed at two different 
times 


L,/L2 = (Ri/R2)*(Ti/h)* 
Converting to magnitudes, we have 
Mpol(2) — Mpoi(1) = 5 log(Ri/Rz) + 10 log(T,/Tr) 


Note that only the ratio of the effective tempera- 
tures is required to find the ratio of the radii. 


The Period-Luminosity Relationship 


Cepheids show a crucial connection between pe- 
riod and luminosity: the pulsation period of a Ce- 
pheid variable is directly related to its median lu- 
minosity. This relationship was first discovered 
from a study of the variables in the Magellanic 
Clouds, two small nearby companion galaxies to 
our Galaxy that are visible in the night sky of the 
Southern Hemisphere. To a good approximation, 
you can consider all stars in each Magellanic Cloud 
to be at the same distance. Henrietta Leavitt, work- 
ing at Harvard in 1912, found that the brighter the 
median apparent magnitude (and so luminosity, 
since the stars are at the same distance), the longer 
the period of the Cepheid variable. Harlow Shapley 
recognized the importance of this period—luminos- 
ity (P-L) relationship and attempted to find the 
zero point, for then a knowledge of the period of 
a Cepheid would immediately indicate its lumi- 
nosity (absolute magnitude). This calibration was 
difficult to perform because of the relative scarcity 
of Cepheids and their large distances. None are suf- 
ficiently near to allow a trigonometric parallax to 
be determined, so Shapley had to depend upon the 
relatively inaccurate method of statistical paral- 
laxes. His zero point was then used to find the dis- 
tances to many other galaxies. These distances are 
revised as new and accurate data become available. 
Some 20 stars whose distances are known reason- 
ably well (because they are in open clusters) serve 
as the calibrators for the P-L relationship in the 
Milky Way. 
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Further work showed that there are two types 
of Cepheids, each with its own separate, almost 
parallel P-L relationship (Figure 18-3). The classi- 
cal Cepheids are the more luminous, of Population 
I, and found in spiral arms. Population II Cepheids, 
also known as W Virginis stars after their proto- 
type, are found in globular clusters and other Pop- 
ulation II systems. Classical Cepheids have periods 
ranging from 1 to 50 days (typically 5 to 10 days) 
and range from F6 to K2 in spectral class. Popula- 
tion II Cepheids vary in period from 2 to 45 days 
(typically 12 to 20 days) and range from F2 to G6 
in spectral class. Population I and II Cepheids are 
both regular, or periodic, variables; their change 
in luminosity with time follows a regular cycle. To- 
day, the P-L relationship rests on the calibration of 
Population I Cepheids in the Large Magellanic 
Cloud (LMC; a companion galaxy to the Milky 
Way), for which a distance modulus of 18.50 mag 
is assumed along with a line-of-sight reddening of 
E(B — V) = 0.10. For V-band then 


My = —2.76(log P — 1.0) = 4.16 (18-2) 
where P is the period in days. With this calibration, 
the P-L relations serve as the essential tool for find- 
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Figure 18-3 Period-luminosity relationship for Cephe- 
ids. Note that two relationships exist, one for Population 
I stars and one for Population II stars. 


ing cosmic distances. (We expect that this calibra- 
tion will be revised based on the Hipparchos data. 
Preliminary results suggest that Cepheids are about 
20% brighter than the current zero point.) 

RR Lyrae stars are also periodic variables; they 
are sometimes called cluster variables because of 
their abundance in globular clusters. These stars 
(named after their prototype, RR Lyrae, whose pe- 
riod is 13.6h) vary in luminosity with periods of 
1.5 to 24h (typically 12h). They are Population II 
(though some have a fairly high metallicity), range 
in spectral class from A2 to F6, and have about 100 
times the Sun’s luminosity. About 5000 RR Lyrae 
stars are known. Note that RR Lyrae stars have a 
P-L relationship of sorts: they.all have essentially 
the same luminosity (absolute visual magnitude of 
about 0.5) regardless of period. 


©® Long-Period Red Variables 


Long-period variables, called Mira variables after 
their prototype, exhibit a very large change in vis- 
ible light because they are cool (about 2000 
K), and so most of their radiation lies in the infra- 
red. Molecules and dust can exist at these low tem- 
peratures, forming a veil over the star’s surface; as 
the temperature increases, these molecules are dis- 
sociated and more radiation can penetrate the veil. 
The red variables have irregular cycles of light var- 
iation of up to a few magnitudes that last from 100 
to 700 days. They contain both Population I and I 
stars of spectral classes K and M with luminosities 
roughly 100 times that of the Sun; these are red 
giants and supergiants. The long-period red vari- 
ables fall in a region of the H-R diagram in which 
they undergo shell burning of helium. The cause of 
their irregular pulsations is yet unknown. 


18-3 
NONPULSATING VARIABLES 


Some curious variables are not pulsating stars; we 
briefly mention them here. They include T Tauri 
stars, which are pre-main-sequence, solar-mass 
stars; flare stars, which have arrived on the main 
sequence but exhibit flaring activity similar to that 
observed on the Sun; magnetic variables, which 
are in a later phase of evolution, and RS Canum 


Venaticorum stars, which are Sun-like stars evolv- 
ing off the main sequence. 


T Tauri Stars 


T Tauri stars are pre-main-sequence stars. At this 
stage of stellar evolution, these low-mass (0.2 to 
2Mo) stars have an extensive convection zone, and 
surface magnetic activity (probably driven by con- 
vection and rotation) is rampant. (A few T Tauri 
stars are known to have large, dark active regions 
in their photospheres from the rotational modula- 
tion of their light.) Spectral activity includes emis- 
sion in the hydrogen Balmer lines as well as emis- 
sion from ionized calcium and other metals; these 
probably come from active chromospheres. Some T 
Tauri spectra also show the forbidden lines typical 
of gaseous nebulae, indicating a surrounding neb- 
ula. The underlying spectra of these stars are usu- 
ally of spectral types F to M. Some T Tauri stars 
are veiled by circumstellar material; others appear 
to be naked, so we can see their photospheres 
directly. 

Observations with X-ray telescopes show that 
some T Tauri stars fluctuate rapidly and violently 
in X-rays, on the order of a factor of 10 in one day. 
These outbursts are most likely flares associated 
with the photospheric active regions. 

In many instances, T Tauri stars are found close 
to and within dusty interstellar clouds, which as- 
tronomers call dark clouds. Optically visible ones 
appear at the edges of the clouds, where the ex- 
tinction is the least. Infrared observations can re- 
veal the rest within the cloud. 

The position of T Tauri stars on the H-R dia- 
gram is just above and to the right of the main 
sequence, just where we expect to find pre-main- 
sequence stars (Figure 18-4). T Tauri and related 
objects radiate very strongly in the infrared region, 
an excess attributed to a surrounding dust cloud or 
disk that absorbs much of the star’s short-wave- 
length radiation and then re-emits it at infrared 
wavelengths. This dust may be either the remain- 
der of the material from which the protostar 
formed or matter ejected from the star as it col- 
lapsed. In many instances, multiwavelength obser- 
vations show a disk of material, a few hundred 
AUs in radius, surrounding the T Tauri star. These 
may well be the sites of planetary formation and 
formed by an accretion process. 
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Figure 18-4 H-R diagram for some T Tauri stars. Stars 
observed in the Taurus—Auriga region plotted with the- 


oretical evolutionary tracks labeled by mass. (Adapted 
from a diagram by M. Cohen and L.V. Kuhi) 


Infrared and radio observations indicate mass 
outflows (stellar winds) from T Tauri stars of 
roughly 107? to 10-$M@/year. In fact, mass out- 
flows appear associated with almost all protostellar 
and pre-main-sequence objects. In many instances, 
the flows are bipolar along a rotation axis. Such 
pre-main-sequence stellar objects go under the ge- 
neric name of young stellar objects (YSOs). The 
winds may well crash into the circumstellar disks, 
creating a turbulent zone of interaction. 


@® Flare Stars 


Solar flares are the most energetic and spectacular 
aspect of solar activity. There must be flares on 
other G stars, but the amount of energy radiated 
by even the largest solar flares amounts to little 
compared with the total stellar radiation. However, 
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on a dwarf M star, which radiates very much less 
than the Sun, a flare with the energy of a large solar 
flare would lead to a twofold increase in bright- 
ness! In fact, several cool main-sequence stars have 
flared at irregular intervals by brightening several 
magnitudes in a matter of seconds. The light curves 
are similar to those of solar flares, for the decline 
is far slower than the ascent (Figure 18-5). Joint 
observations by radio and optical observers have 
verified that some of these flare stars emit radio 
bursts simultaneously with the flares. 

The total energies of flares from dwarf M stars 
range from 107! to 10?”J for stars whose B-band 
luminosities range from 107! to 107° W. The B-band 
luminosity of the Sun is about 2 x 1076W. Al- 
though stellar flares are more energetic and have a 
faster rise time than solar flares, the underlying 
process is probably very similar: a release of mag- 
netically trapped particles into the corona. As with 
the Sun, most of the energy comes out in X-rays 
but much more energetically. For example, flares 
from dwarf M stars hit a maximum luminosity in 
X-rays of about 107*W (compared with 102°W 
for the Sun). It may be the case that all stars un- 
dergo a flaring phase during pre-main-sequence 
evolution. 


Magnetic Variables 


Stars that have the basic characteristics of A stars 
may show spectral peculiarities attributable to 
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Figure 18-5 A stellar flare from a dwarf M star. U- 
band observations of a flare from the star YZ CMi. Note 
the steep rise and more gradual decline. (Adapted from 
a diagram by T.J. Moffett) 


abundance abnormalities (Chapter 13). Some of 
these stars exhibit variable spectra such that the in- 
tensity of certain lines varies approximately peri- 
odically. Many of the peculiar and metal-lined A 
stars have strong integrated magnetic fields; these 
fields range up to a few teslas, but most are from 
0.01 to 0.1T (recall that the strongest magnetic 
fields on the Sun are about 0.4 T, and these fields 
are restricted to very small areas in sunspots). Most 
observed stellar magnetic fields are variable, with 
some undergoing polarity reversals; sometimes the 
magnetic variability is coupled with spectrum vari- 
ability. The light variations of magnetic stars and 
spectrum variables are very small, amounting to 
about + 10%. : 

One possible explanation for magnetic vari- 
ability is that the magnetic axes are tilted with re- 
spect to the rotational axes (like pulsars). This 
model is referred to as the oblique rotator. Perhaps 
more simply, both the spectrum and magnetic var- 
iations arise from large polar spots on the stellar 
surface that are periodically brought into view by 
rotation. 


@ RS Canum Venaticorum Stars 


In this tour of variable stars, we have encountered 
indications of stellar activity similar to solar mag- 
netic activity but more energetic. For Sun-like stars, 
hyperactive magnetic activity comes from the RS 
Canum Venaticorum stars, or RS CVn stars for 
short. These are a subclass of chromospherically ac- 
tive stars. The RS CVn stars are in binary systems. 
A typical orbital period is about seven days; how- 
ever, periods range from 0.5 day to a few months. 
In most RS CVn systems, the stars are synchro- 
nously locked by tidal forces, so that the rotational 
period of each is equal to the orbital period. One 
star is hotter than the other; the hotter star is often 
main-sequence (luminosity class V), the cooler one 
a subgiant (luminosity class IV). These sound like 
ordinary stars, but they are not. 

Radio flares from RS CVn stars peak at 107° to 
102! W, which is 10° to 10° times stronger than the 
strongest solar radio flares. A few superflares have 
energies 10’ times greater than any solar radio 
flares. Radio observations over a range of wave- 
lengths show that the flares’ emissions are highly 
polarized with nonthermal spectra. These clues 
point to synchrotron radiation as the source of the 
flaring radio emissions. 
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Optically, a light curve of an RS CVn system 
exhibits waves called distortion waves (Figure 18-6). 
They amount to 1 to 30% of the total light from the 
system. Their amplitude varies from as fast as a 
few months to more than many years. These dis- 
tortion waves arise from the rotational modulation 
of large (tens of percent of the total surface area) 
starspot regions concentrated in longitude and lat- 
itude. Such enormous active regions (at sunspot- 
cycle maximum, the spots cover at most 0.1% of 


the Sun’s surface) indicate that these stars have . 


stronger concentrations of magnetic fields than 
does the Sun. Associated with these active regions 
are flares. One well-observed optical flare from 
the system XY UMa lasted for about 30 min (Fig- 
ure 18-7). Its total energy output amounted to 
1077 J—10° times greater than a solar “white- 
light” flare. 

What drives the hyperactivity of RS CVn stars? 
From X-ray observations of the Sun, we understand 
that the solar corona arises from coronal loops of 
magnetic flux tubes. RS CVn stars turn out to be 
much stronger X-ray emitters than the Sun, so they 
have more extensive coronae. A loop model for the 
coronae for RS CVn stars results in 10° more loops 
than for the Sun—essentially a star completely cov- 
ered with active regions. The temperature of the 
gas contained in these loops is a few tens of mil- 
lions kelvins, about ten times hotter than the Sun’s 
coronal gas. Such very hot loops may reach lengths 
of tens of solar radii—larger than the RS CVn stars. 


=0.5 0.0 0.5 1.0 
Phase 


Figure 18-6 Light curve for an RS CVn binary, show- 
ing the variation of light at U band as a function of or- 
bital phase for the system UX Ari. Note the large mag- 
nitude changes in this noneclipsing binary. (M. Zeilik, 
Capilla Peak Observatory, University of New Mexico) 
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Figure 18-7 Flare from an RS CVn system. U-band ob- 
servations of a flare from XY UMa in January 1982. The 
dashed line shows the underlying light level from the 
binary system. (M. Zeilik, Capilla Peak Observatory, Uni- 
versity of New Mexico) 


Although we do not yet know the details of 
how solar flares occur, we do realize that they 
erupt in the corona, probably initiated by magnetic 
reconnection, and flow down flux tubes to their 
bases in the photosphere in a violent rush of high- 
speed, charged particles. Coronal loops, active re- 
gions, flares, and strong X-ray emission are all as- 
sociated phenomena on the Sun; the same view is 
supported for RS CVn systems, and similar pro- 
cesses may drive hyperactivity on young stars, 
such as the T-Tauri class, and the flares from dwarf 
M stars. What probably drives the dynamo in these 
systems is their rapid rotation—on the order of a 
few days. 


18-4 
EXTENDED STELLAR ATMOSPHERES: 
MASS LOSS 


An Atmospheric Model 


An extended gaseous envelope around a star (Ta- 
ble 18-2) is deduced from the line profiles of cer- 
tain spectral lines (Figure 18-8). The portion of the 
shell, or extended atmosphere, seen projected 
against the star’s photosphere produces a narrow 
absorption line, and that part not projected against 
the disk (the annular region) is seen as an emission 
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ITABLE 18-2] Extended-Atmosphere Stars 


Prototype Expansion Rate of 
or os Spectral Velocity Mass Loss 
Type Example M, Class (km/s) (Mo/year) 
Be 48 Per -4 B — <10~¢ 
Shell star y Cas, -4 B 50 =107’ 
Pleione 
Wolf-Rayet HD 66811, -4to-6.8 WN, WC 120 to 2500 10° 
HD 68273 
P Cygni P Cyg -6? B 130 ? 
O and B ¢ Pup, —I/ O and B 1000 to 18000 10-6 
supergiants 6 Ori 
M supergiants a Her, —2 to -8 Mlatoll up to 26 5 x 10° 
a Ori to 
5 x 10°? 
Planetary Ring Nebula 0 to +8 W stars? 10 to 30 10-4 to 10-5 
nebulae in Lyra O, B 
Beta Lyrae BLyr —6 B = 10-4 


line. Normally, the emission is superimposed on 
the stellar photospheric absorption; the extent to 
which the underlying absorption profile is dis- 
torted by this emission line depends on the 
strength of the emission, which in turn is a function 
of the density of the stellar atmosphere. The at- 
mosphere cannot be too dense, however, for then 
it would affect the continuum radiation as well as 
the spectral lines. The widths of the several com- 
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Figure 18-8 An extended-atmosphere model. Light 
from the star’s photosphere is absorbed (region A) on its 
way to the observer and stimulates emission (regions 
E, and E>) in the atmosphere seen side-on. 


ponents of the profile depend upon the motions of 
the contributing regions. For instance, if the atmo- 
sphere is turbulent, both the emission and the ab- 
sorption features will be broad. 


@ Be and Shell Stars 


If a star rotates more rapidly than its atmosphere, 
the underlying stellar absorption profile is widened 
more than the atmospheric emission line. This re- 
sults from the fact that the Doppler shifts of the 
approaching and receding limbs of the photo- 
sphere are greater than those of the extended at- 
mosphere (Figure 18-9A). The absorption due to 
the projected gas remains narrow because the mo- 
tion is across the line of sight. The B-emission (Be) 
and shell stars both fit this model, but they differ 
in that the latter contain more material in the en- 
velope. Sometimes net outward velocities are ob- 
served, indicative of expansion and possibly loss of 
material. The mass lost in this manner is small rel- 
ative to the mass of the star and to the mass the 
star must lose if it is to become a white dwarf. Ob- 
servationally, massive main-sequence stars, giants, 
and especially supergiants are ejecting material at 
a substantial rate. The formation of a shell around 
the Be stars may result from the rapid rotation; the 
rotational velocities may be so high that material is 
spun off. 
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Figure 18-9 Expansion of an ex- 
tended atmosphere. (A) From a ro- 
tating star, the line profile shows 
the absorption A of the undisplaced 
line center and the Doppler-shifted 
peak E,; and E>. S; and S2 are the 
absorption lines of the star Doppler- 
shifted to the blue and red by rota- 
tion. (B) From an expanding atmo- 
sphere, the line profile has 
absorption feature A displaced to 
the blue by the expansion toward 
the observer. The contribution to 
the emission C is at the undisplaced 
line center; B and D are Doppler- 
shifted from the expansion. This 
line profile is commonly called a P 


Cygni profile. D, 


To 


i 


Mass Loss from Giants 
and Supergiants 


In a sense, we should include giants and supergi- 
ants in the category of stars with extended atmo- 
spheres. For instance, mass loss from M-type giants 
and supergiants indicates that the stellar atmo- 
spheres are expanding. The spectra of many M gi- 
ants and supergiants have narrow absorption lines 
superimposed on and blueshifted with respect to 
the broad Ca II emission lines of the star itself (Fig- 
ure 18-9B). These features are interpreted as being 
due to circumstellar material similar to the shells 
of the early-type stars discussed earlier. Such pro- 
files are called P-Cygni profiles, after their proto- 
type, the star P Cygni. The Doppler velocities of 
the shifts are of the order of tens of kilometers per 
second. To convert these velocities to rates of mass 
loss, we must know the density of the material 
ejected. Estimates of the density lead to figures for 
the mass loss ranging from 10~° to 1078 Mo/year. 
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The more luminous the star and the later the spec- 
tral type, the higher the rate of mass loss. 

At the hot end of the spectral sequence, O and 
B supergiants eject mass at high velocities (1000 to 
2000 km/s). Spectra in the visible region do not 
show this phenomenon, for there are no suitable 
spectral lines. The material being ejected from the 
star has a very low density; hence, collisional ex- 
citation is negligible, and most atoms and ions are 
in their lowest energy level (ground state). Owing 
to the high temperature, however, most of the gas 
is ionized; therefore, it emits at radio wavelengths 
and can be detected. The ejection velocities are far 
higher than for the cool supergiants, but the mass 
loss is only slightly greater because of differences 
in the gas densities. 


@ Wolf-Rayet Stars 


Wolf-Rayet stars are very hot stars (Tere ~ 
30,000 K) whose spectra show strong and wide 
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emission lines of He I, He II, C III, C IV, N II, and 
N V. That they are young stars of Population I is 
deduced from their association with OB stars in 
open clusters, in H II regions, and as binary com- 
panions to O or B stars. (Almost all WR stars are 
in binary systems.) The broad emission lines often 
have narrower absorption lines superimposed but 
displaced to the blue. These observations fit an in- 
terpretation (Figure 18-9B) of a stellar atmosphere 
expanding at velocities of 1000 km/s or higher. 
Wolf-Rayet stars are helium-rich and hydrogen-de- 
ficient; carbon dominates the spectrum of some, the 
WC stars, and nitrogen that of others, the WN 
stars. Although the true nature of these stars is still 
not entirely clear, it seems that they represent a 
particular stage in a star’s evolution and that the 
two types result from real differences in abun- 
dances, not from differences in excitation. 

As you saw in Section 16-3(B), Wolf-Rayet 
stars are initially massive stars, with strong stellar 
winds, that have lost their outer layers, revealing 
interiors with compositions greatly modified by 
nuclear reactions. A way to explain the two se- 
quences suggests that, in the WN stars, we see the 
products of CNO-cycle hydrogen burning, whereas 
WC stars have already undergone helium burning. 
We may be seeing either the core of the star or, 
more likely, intermediate convective layers en- 
riched with core products. 

For WR stars in binary systems (about half of 
the total), we have determined their masses to be 
roughly 10 to 40Mo. In a binary, the mass loss, 
rather than from a stellar wind, occurs by mass 
transfer in the red-giant phase of the initially more 
massive star, which must evolve more rapidly than 
its companion because of its greater mass. In such 
a case, the WR star is the remnant, consisting 
largely of helium and heavier elements. The mass 
loss must be substantial—tens of solar masses in a 
few million years—and dramatically affects the ev- 
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olution of WR stars [Section 16-3(B)]. Theoretical 
models, starting with a mass of 60Mo, suggest that 
WR stars are in a core carbon-buming phase after 
having been a red supergiant and just before be- 
coming a supernova. 


Planetary Nebulae 


Planetary nebulae, so named because some resolve 
into disks reminiscent of planets when seen with a 
telescope, also fit an expanding-atmosphere model. 
In fact, the atmosphere is really a large shell, large 
enough and of sufficiently low density that most of 
the receding portion (E in Figure 18-9B) is visible 
and the spectral lines are doubled. The velocities 
of expansion, however, are only some tens of 
kilometers per second, far lower than those for 
WR stars. 

Although the spectral lines of hydrogen and 
helium are quite pronounced in the spectra of plan- 
etary nebulae, the strongest lines are those of O III, 
O II, and Ne III. These lines are forbidden lines. 
Forbidden lines occur because of the low gas den- 
sity. When an atom is excited to a metastable level, 
the chance of collisional de-excitation from that 
level is slight, so that the atom may remain in that 
level long enough to make the forbidden (low- 
probability) transition to the ground level. At a 
given temperature, the forbidden line intensities 
are a monotonically increasing function of density. 

The forbidden nebular lines of [O III] at 500.7 
and 495.5 nm correspond to the calculated energy 
differences between the metastable level and two 
of the three closely spaced ground levels of O III 
(Figure 18-10A). (The square-bracket notation sig- 
nifies forbidden transitions.) These lines give plan- 
etaries their greenish appearance. A similar pair of 
forbidden lines arises from [O III], except that in 
this case the metastable level is double and the 
ground level is single (Figure 18-10B). 


M 

Oo 
g Figure 18-10 Forbidden transitions. 
Nay The metastable state is M, and the 
IN ground state is G. (A) For OIl, Misa 
single level and G has three sublevels. 
G Two forbidden lines are seen. (B) For 


O II, M has two sublevels and G is 
single. Again, two lines are seen. 


Ions such as O II, O III, Ne III, and N II act 
as cooling agents. Hydrogen atoms require large 
amounts of energy to become excited (10.15 eV for 
the first excited state), but most of the free electrons 
in the nebula do not have this much kinetic energy. 
The cooling-agent ions, however, all have energy 
levels near 2 or 3eV. When an electron collides 
with one of these ions, it gives up part of its kinetic 
energy to excite the ion to one of these low (meta- 
stable) levels. Within a minute or two (in contrast 
to the 10-8 for ordinary levels), the ion gives up 
this energy by emitting a forbidden line that es- 
capes the nebula. Collisions must be rare; other- 
wise, de-excitation would prevent the occurrence of 
forbidden transitions. On the other hand, collisions 
must be frequent enough that collisional excitation 
is fairly common. So these ions extract energy from 
the electrons, and because the kinetic energy of the 
electrons is a measure of the temperature of 
the nebula, the result is a lower temperature for the 
planetary nebula. 

To ask what place the planetary nebulae oc- 
cupy in the evolutionary scheme raises the problem 
of their population characteristics. The planetaries 
in our Galaxy are primarily concentrated in the 
disk and center, as are the long-period variables 
and the RR Lyrae stars. Their galactic orbits are 
elongated rather than circular, in contrast to the or- 
bits of Population I objects. At least one is known 
to be a member of a globular cluster—that is, an 
extreme Population II object. It is probably safe to 
say that most planetary nebulae belong to the in- 
termediate disk population, but isolated cases are 
found at both extremes, Populations I and II. Red 
variable stars, such as Miras, may well be their 
predecessors. 


18-5 
CATACLYSMIC AND ERUPTIVE 
VARIABLES 


This category includes stars that eject matter sud- 
denly and violently, in contrast to the slow expan- 
sion and small mass loss of planetary nebulae. 
These eruptions are accompanied by enormous 
changes in luminosity, from a few magnitudes for 
the dwarf novae to over 20 magnitudes in the case 
of supernovae (Table 18-3). 

It is probable that all these variables (except the 
supernovae) suffer several episodes in their life- 
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times. Repeated outbursts of dwarf novae and re- 
current novae have been observed, with the inter- 
val between outbursts being a function of the am- 
plitude of the eruption. If such a relationship 
extends to normal novae, their interburst interval 
must be of the order of 10,000 years. In general, 
these stars are called cataclysmic variables. The 
common model is that of a Roche lobe filling sec- 
ondary (on or near the main sequence) losing hy- 
drogen-rich material through the inner Lagrangian 
point onto an accretion disk that surrounds a white 
dwarf primary. The white dwarf can have a weak 
or strong magnetic field. 


Novae 


Nova is the Latin word meaning new; novae (plu- 
ral) are stars that suddenly become visible in the 
sky where no star was seen before (Figure 18-11). 
Actually, the star is usually too faint to be visible 
prior to its eruption, for a nova characteristically 
increases in brightness some ten magnitudes from 
the prenova stage to nova maximum. The rise to 
maximum brilliance is very rapid (Figure 18—12A). 
The initial rise brings the star to within two mag- 
nitudes of the maximum in only two or three days, 
and the final increase in luminosity takes a day for 
fast novae and weeks for very slow novae. The de- 
cline from maximum is far more gradual; the time 
spent at maximum is relatively short, generally 
only a matter of days. Erratic light fluctuations of 
large amplitude may occur during the decline; oc- 
casionally a drop of many magnitudes is observed 
followed by a practically complete recovery some 
weeks later (Figure 18-12B). The length of time 
from the maximum to the final leveling off of the 
light curve ranges from months for fast novae to 
years for slow ones. 

Spectra obtained just prior to and at maximum 
light show that material is ejected from the star at 
velocities up to 2000 km/s. Complex changes in the 
spectrum occur during the development of the 
nova (Figure 18-13); several layers of ejected ma- 
terial are seen as the outer envelope becomes pro- 
gressively more transparent and exposes the inner 
layers. The expanding material amounts to some 
10-5Mo. After maximum, for instance, most nova 
spectra include the bright forbidden lines charac- 
teristic of emission nebulae. The velocities of ejec- 
tion differ at different nova stages; some velocities 
are directly related to changes in the light curve, as 
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Figure 18-11 Nova V1500 
Cygni 1975. These photo- 
graphs were taken before 
(left) and during (right) the 
outburst. (Lick Observatory) 
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Figure 18-12 Light curves of novae. Note the rapid rise and more gradual decline, with 
fluctuations. (A) V-band light curve of Nova V1500 Cygni 1975 during its first two 
months. (Adapted from a diagram by P. Young, H. Corwin, J. Bryan, and G. de Vaucouleurs) 


(B) RR Pic, a slow nova. (Adapted from a diagram by D.B. McLaughlin) 


if there were ejections subsequent to the initial 
eruption. One nova for which a spectrum was re- 
corded prior to its outburst is Nova Aquilae 1918 
(also known as V603 Aquilae). This spectrum re- 
sembled that of a hot blue star without any spectral 
lines. Most novae eventually return to such a state. 

Some light fluctuations persist even at mini- 
mum. Superimposed on these rapid, erratic varia- 
tions are others that are best interpreted as stellar 
eclipses. Such novae clearly must be members of 
binary systems; in fact, the evidence implies that 
most novae are in short-period binaries. This con- 
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clusion suggests that the companion is a key con- 
dition for a star to be come a nova. 

One binary model consists of a red giant or a 
star in the process of expanding into the red-giant 
phase and a white dwarf. As the red star extends, 
its atmospheric gaseous material crosses the Roche 
lobe to make a semidetached binary (Section 12-4). 
Hence, the gas from the red giant’s atmosphere es- 
capes and falls onto the white dwarf or forms a 
gaseous disk around it because of the conservation 
of angular momentum. The influx of hydrogen-rich 
gas from this accretion disk onto the degenerate 
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Figure 18-13 Spectra of Nova V1500 Cygni 1975. The UT dates are given at the right. 
These eight spectra show the evolution of the emission lines, especially those of the Balmer 
series. Note how broad the emission lines appear. (B. Bohannon) 
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star (Section 17-1) that has used up most of its hy- 
drogen can cause further nuclear reactions at the 
stellar surface. This new supply of material piles 
up in a layer until the hydrogen fusion ignition 
temperature is reached; runaway fusion reactions 
ensue in the accreted layer. The stellar atmosphere 
suddenly expands violently—a nova explosion. Re- 
peated explosions may occur if more material flows 
from the red giant to the white dwarf to build up 
enough to flash again; that takes about 10° years. 

The high ejection velocities quoted earlier are 
based upon measurements of spectral-line profiles— 
P Cygni-type profiles resembling those of Wolf- 
Rayet stars. The ejected gas expands as a shell, and 
sometimes this shell becomes visible as a nebula 
surrounding the nova. Over the years, the nebula 
expands perceptibly, and its rate of expansion ap- 
pears as a proper motion measurable in seconds of 
arc per year (Section 19-1). Spectra obtained during 
the same epoch give expansion velocities directly 
in kilometers per second. If we assume that the ve- 
locity of expansion is uniform in all directions, then 
the observed proper motion corresponds to the 
same velocity. The geometry of the expansion then 
allows us to find the distance to the nova. From 
Equation 19-3, we have 


d = v,/4.74 p" (18-3) 


where 2, is the radial velocity in kilometers per sec- 
ond, 4.74 is a conversion factor that yields d in par- 
secs, and yu” is the proper motion in arcseconds per 
year. Nova Persei (GK Persei; Figure 18-14) is a 
good example of a nova with an expanding nebula. 
Observations show that the expansion of the shell 
increases by about 0.5"/year and that the radial ve- 
locity of the shell is roughly 1100 km/s. Then the 
distance is 


d = 1100/(4.74 x 0.5) = 460 pc 


The importance of this method of determining the 
distances of novae is that it is both direct and un- 
ambiguous. In this way, we can establish the lu- 
minosities of novae at maximum and minimum, 
and from that information we can find the total 
amount of energy released in the explosion. 

A bright nova occurred in August 1975: Nova 
V1500 Cygni, which peaked at magnitude 1.8 (Fig- 
ure 18-11). Prenova photographs indicate that the 
star increased in luminosity at least 16 million 
times. Nova V1500 Cygni 1975 is a member of a 


Figure 18-14 Expanding shell from Nova Persei. The 
nova exploded in 1901; this photograph was taken in 
1949. (Palomar Observatory, California Institute of 
Technology) 


close binary system with an orbital period of about 
3h. The white dwarf appears to have a very strong 
magnetic field. The binary system GK Her (Figure 
18-15) may be similar. Its overall X-ray emission 
fluctuates every 351 s; it also pulses. The pulsations 
may come from a strong magnetic field of the white 
dwarf, and longer variations from a hot spot on the 
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Figure 18-15 A model for GK Per, a cataclysmic vari- 
able. X-rays come from an accretion disk around the 
magnetic white dwarf. A hot spot develops there. The 
infalling matter strikes the accretion disk; it produces 
stronger X-rays than the disk in general. 


accretion disk where infalling matter from the com- 
panion splashes onto it. 


@ Supernovae 


Supernovae attain absolute magnitudes in the 
range from —16 to —20. Although supernovae are 
relatively rare in our Galaxy, some have been noted 
in historical records. From such records, especially 
the Chinese chronicles, we find, for example, that 
the supernova of A.D. 1054 reached an apparent 
magnitude of —4, bright enough to be seen during 
the day. Must of what we know about supernovae 
has been gleaned from studies of galaxies. In the 
case of small galaxies, the luminosity of a super- 
nova may rival the total brightness of the galaxy. 
Supernovae exhibit a very rapid rise to maximum 
and then drop two or three magnitudes within a 
month before declining more gradually. The total 
kinetic energy output from a supernova is stupen- 
dous: 1044J, or approximately as much energy as 
the Sun will produce in its entire lifetime of 10 bil- 
lion years. But supernovae have an energy sur- 
prise: neutrinos carry off some 100 times more en- 
ergy, for a total of some 10*°J. The elusive 
neutrinos really pack the punch, yet they are very 
hard to detect and had not been detected until 
SN 1987A. 

Two main types of supernovae occur, differ- 
entiated by their spectra and by their light curves 
(Figure 18-16 and Table 18-3). Type I supernovae 
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appear in both elliptical and spiral galaxies (Chap- 
ter 21), and Type II occur only in spirals (especially 
in the spiral arms). We deduce that Type I super- 
novae belong to evolved stars of low and inter- 
mediate mass, Type II to more massive stars. 

At maximum brightness, a Type II supernova 
shows a nondescript spectrum; the only prominent 
line is an emission line at 656.3 nm, the Ha line. 
About a month later, the spectrum has evolved to 
show more emission lines and a few weak absorp- 
tion lines. In contrast, Type I supernovae exhibit 
messy spectra. At maximum light, broad emission 
lines appear along with some strong, dark lines, the 
combination having P Cygni-type profiles. Later, 
four emission lines from Fe II dominate the spectra, 
along with emission lines of Na I and Ca II. Basi- 
cally, the difference between Type I and Type II 
spectra is that Type II show strong hydrogen lines 
and Type I do not—an indication that Type I in- 
volve highly evolved, hydrogen-deficient stars. 

Type II supernovae arise from evolved stars 
much more massive than the Sun (10 to 100Mo)— 
stars that live their normal lives as O and B stars. 
Theoretical computer models for Type II superno- 
vae suggest that the explosion occurs in the core of 
a red supergiant. The atmosphere of a red super- 
giant has nearly constant density, so that a shock 
wave traveling through it moves at almost constant 
velocity and transmits energy efficiently to the 
star’s surface. The models predict that, at peak 
brightness, the supernova should have a photo- 
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Figure 18-16 General supernovae light curves. (A) Type I; note the gradual decline. (B) 


Type II; note the sharp decline and shoulder. 
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spheric temperature of roughly 10,000 K, a surface 
speed of 5000km/s, and a maximum radius of 
some 10!° km. 

The basic interior model for a Type II super- 
nova involves the collapse of a stellar core to form 
a neutron star. A violent rebound from this sudden 
collapse produces the explosion that ejects the 
outer layers. The stars in which this process occurs 
fall in the mass range of 10 to 100Mo. Such stars 
develop carbon—-oxygen cores during their normal 
lives; the carbon fuses to produce neon, magne- 
sium, and finally iron. The core’s density eventu- 
ally reaches a level high enough so that it becomes 
degenerate, and degeneracy pressure supports the 
weight of the star on the core. The layer of silicon 
above the iron core continues to burn, adding to 
the core until its mass exceeds the Chandrasekhar 
limit. It collapses; a neutron star forms. The infall- 
ing material rebounds off the neutron core to drive 


a shock wave outward; this triggers violent explo- 
sions in the unburned material in the outer layers. 

The collapse of the core of a star to nuclear den- 
sities easily provides enough energy to power a su- 
pernova. The gravitational potential energy of a 
neutron star of solar mass and radius R = 15 km is 


GM2 
Egrav “R. 
A AOE NZ C0 
‘a 15 x 104 
~2 x 1046] 


much larger than the energy of 10*4J observed in 


a supernova explosion but just about that in 
neutrinos. 

Because Type I supernovae are associated with 
stars of roughly the mass of the Sun, they are really 


(A) 


(C) 


(D) 


Figure 18-17 Crab Nebula. These photographs were taken in normal and polarized 
light. (A) Blue light, emphasizing the continuum emission. (B) Red light, showing the 
filamentary structure. (C) Polarized light, electric vector at 0° (arrow). (D) Polarized light, 
electric vector at 45° (arrow). Note the difference compared to (B) . (Palomar Observatory, 


California Institute of Technology) 


a puzzle, for it is hard to see how a solar-mass star 
can detonate as violently as a supernova. One idea 
resembles that for binary novae. Imagine a binary 
system containing a white dwarf and a normal star 
in which the white dwarf has a mass very close to 
the Chandrasekhar limit (14Mo). If enough mass 
flows onto the white dwarf to push it over the 
limit, it will collapse violently to a neutron star. 
This collapse may release sufficient energy to make 
a supernova. Another model invokes accretion 
onto a carbon-rich white dwarf. If the accretion 
reaches high enough temperatures and densities, 
carbon burning can ignite in a slow sequence called 
deflagration. This carbon deflagration is still de- 
structive, blowing the star to bits so that no neutron 
core is left behind. In this model, we have no burst 
of neutrinos or formation of a neutron star as we 
have for Type II explosions. 


The Crab Nebula—A Special 
Supernova Remnant 


The Crab Nebula (Figure 18-17) is the most intrigu- 
ing and investigated supernova remnant. It was 
the first identified as such and the first connected 
to a pulsar with the central star, in 1968. Other su- 
pernova remnants share a few of the characteristics 
portrayed by the Crab Nebula, and so it serves as 
an important prototype. 

The distance to the Crab Nebula has been es- 
tablished by the technique outlined for novae (ex- 
pansion of the gaseous shell); it is about 2000 pc. 
We can also use the present rate of expansion of 
the nebula to extrapolate back to the time of out- 
burst; the result corroborates identification with the 
A.D 1054 supernova (if we account for some accel- 
eration since the initial expansion). 

In the visible region of the spectrum, the neb- 
ula presents varied aspects, depending upon 
whether it is photographed in the radiation from 
one of the emission lines (such as Ha), in the con- 
tinuum radiation, or through a polarizing filter. 
The line radiation emanates from clearly defined 
filamentary features (Figure 18-17B), where the gas 
density is enhanced over that of the rest of the neb- 
ula. Underlying the filaments and more concen- 
trated at the central part of the nebula is the region 
emitting in the continuum. This region also pos- 
sesses considerable structure, which can be de- 
scribed as vague wisps or fibers. The appearance 
and position of these wisps change with time be- 
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cause of motions of the gas or because of compres- 
sion waves moving through the gas. 

An important clue to the nature of the Crab 
Nebula is the fact that the continuum radiation is 
strongly linearly polarized (Figure 18-17C and D). 
Another is that the nebula is a strong radio emitter, 
for it is identified with the radio source Taurus A 
(the first radio source to be discovered in the con- 
stellation Taurus). The wavelength dependence of 
the radiation in both the visible and the radio re- 
gion differs greatly from a Planck blackbody curve: 
it is nonthermal radiation. These characteristics led 
I.S. Shklovsky to propose (in 1953) that synchrotron 
radiation is the source of both the optical and the 
radio continuum. 

We have already discussed synchrotron radia- 
tion in Sections 4-6(C) and 6-1(C), but let us re- 
mind you of the basic points. When energetic elec- 
trons are accelerated by a magnetic field, they 
spiral around the magnetic field lines (Figure 18- 
18). This motion causes them to emit strongly po- 
larized continuous radiation, whose intensity at a 
given frequency depends upon both the magnetic 
field strength and the energy of the electrons. The 
higher the mean electron energy, the higher the fre- 
quency at which the intensity is a maximum. Many 


Electron 


Line of Force 
(Magnetic Field) 


Electric Field 

Direction Vector 

of Radiation 
Figure 18-18 Synchrotron emission. A relativistic elec- 
tron spirals along a magnetic line of force. The circular 
acceleration causes the electron to emit plane-polarized 
radiation. 
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radio sources have a synchrotron radio spectrum, 
but few simultaneously emit synchrotron radiation 
at the higher frequencies corresponding to visible 
radiation. The Crab Nebula is one of these few. 
The magnetic field strength in the nebula is es- 
timated at5 x 10°§T. This field strength produces 
copious quantities of synchrotron radiation when 
the electrons are traveling at relativistic speeds, but 
where do these relativistic electrons come from? 
We know the following observational facts about 
the Crab Nebula: (1) we continue to see it over 900 
years after the outburst, (2) the nebular gases ex- 
hibit accelerated motions, and (3) phenomenal 
amounts of synchrotron radiation continue to be 
emitted. Taken together, these facts demand that a 
strong energy source lies within the nebula. This 
energy source is none other than the Crab pulsar, 
which generates relativistic electrons and synchro- 
tron radiation [Section 17—2(C)]. Radio observa- 
tions show that the overall flux from the nebula has 


decreased at a rate of 0.17% per year, a value con- 
sistent with pulsar spindown time scales. About 
half of the energy radiated away is being replen- 
ished by the pulsar now. 

The HST has revealed new details of the neb- 
ula’s structure and dynamic change, driven by the 
pulsar (Figure 18-19). Surrounding it are sharp 
knots and wispy features. The wisps stream away 
from the pulsar at 0.5 c, so that the features change 
visibly (to HST!) every few days. Two polar jets 
create local shock fronts that seem to “dance 
around” in a short time. Even though the explosion 
occurred long ago, its remnant—the pulsar—still 
propels the action here (Figure 18-20). 


@® Nucleosynthesis in Supernovae 


As Chapter 16 pointed out, the most massive stars 
can fuse elements up to iron; heavier elements re- 
quire reactions that absorb rather than produce en- 


Figure 18-19 HST observations of the inner region of the Crab Nebula, showing changes 
over time. In the pair of stars at upper left in each image, the pulsar is the one to the left. 
(J. Hester, P. Scowen, and NASA) 


Figure 18-20 Schematic diagram of 
the environment in the heart of the 
Crab Nebula, based on HST images. 


ergy. Elements heavier than iron are probably 
made in the supernova explosions of massive stars 
(Type II). Here is one scenario of that process. 

A star with a mass greater than 10 to 20Mo will 
have a layered look at the end of its life: carbon, 
helium, and hydrogen shells at increasingly greater 
distances from the iron core. This layering results 
from lack of convection and the outward drop in 
temperature. The iron core cannot support itself; it 
contracts and its temperature rises. At about 6 x 
10° K, photodisintegration of iron gives °6Fe + 
y — 13 4He + 4n—an_ endothermic reaction 
needing about 100 MeV. This robs the core of en- 
ergy, and so it contracts more rapidly. Once the 
iron disintegrates, 


4He > 2p+2n 


pte a~nt+y 


converts the core to a degenerate neutron gas. 
Meanwhile, the layers above the core fall rapidly 
inward and also heat up. They still have fuel for 
nucleosynthesis. This goes off explosively, blowing 
off the outer layers. This fusion results in a flood 
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of energetic neutrons, which can be absorbed by 
heavy nuclei. Now the rapid and slow processes 
come into play, “rapid” and “slow” referring to 
how fast the process goes relative to beta decay: 


nor ptet+y 


which takes about 15 min. In the rapid process, nu- 
clei capture neutrons faster than beta decay; this 
builds up neutron-rich material. In the slow pro- 
cess, neutrons are captured more slowly than beta 
decay; proton-rich material results. The rapid pro- 
cess is usually abbreviated r process and the slow 
process, S process. 

Here is a specific example of this type of nu- 
cleosynthesis. Starting with °Fe and using the r 
process 


56Fe + n — %7Fe 
57Fe +n — Fe 
58Fe +n — °Fe 
5°Fe + n — Fe 
60Fe + n — ©Fe 
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Now, °Fe is stable for only about 6 min, and so if 
no neutrons are captured in this time, then by the 
S process, 


6lFe -» Cote +p 


In Type II supernovae, time scales are short so that 
only the r process is effective in nucleosynthesis. 
The most likely site is in the helium-burning shell 
as the shock wave plows through it. 

We have emphasized nucleosynthesis in super- 
novae, but red giants also manufacture some heavy 
elements during their AGB phase by the s process. 
The s process cannot synthesize the very heavy ra- 
dioactive elements, however, for the neutron ad- 
dition is so slow that such nuclei decay by fission 
before more neutrons can be added. In general, el- 
ements made by the s process complement those 
made in the r process to fill up the periodic table. 
Nucleosynthesis in red giants makes many of the 
elements heavier than iron and lighter than lead, 
but elements heavier than lead, such as uranium 
and thorium, are produced in Type II supernovae. 


Supernova 1987A 


On the night of February 24, 1987, Ian Shelton of 
the University of Toronto was photographing the 
Large Magellanic Cloud (LMC), a companion Gal- 
axy to our own, from Las Campanas Observatory 
in Chile. On the photo was a new, bright star in 


(A) 


the LMC. By luck, Shelton had taken a photo of the 
same region 25 h earlier. A comparison of the pho- 
tographs dramatically showed the star to be the 
brightest supernova since Kepler's in A.D. 1604. The 
supernova was given the name SN 1987A (“A” for 
the first supernova discovered in 1987). The LMC 
is 52 kpc away; so the supernova actually exploded 
some 170,000 years ago. By astronomical standards, 
the LMC is close by, so we now have the first op- 
portunity to study a supernova in detail with mod- 
ern astronomical equipment (Figure 18-21). 

Foremost has been the detection of neutrinos 
from the explosion. In Kamioka, Japan, a joint ex- 
periment of the United States and Japan, called the 
Kamiokande II, detected a burst of neutrinos at a 
time about one day before the supernova burst into 
visibility. Neutrino events were also observed from 
detectors in a salt mine in Mentor, Ohio. The de- 
tection of neutrinos (the first for a source outside 
the Solar System) strongly implies a Type II super- 
nova—the death of a massive star. But only a few 
neutrinos of the estimated 10'°/m? that arrived at 
the Earth from SN 1987A could be detected. Ka- 
miokande II detected only 12, six within the first 
second of the core collapse! 

International Ultraviolet Explorer observations 
and those at the European Southern Observatory 
both indicate that the supernova’s progenitor (a 
star named Sanduleak —69 202) was a blue super- 
giant star, not a red supergiant. Why a blue star, 


(B) 


Figure 18-21 SN 1987A in the Large Magellanic Cloud. The photo at left shows the 
progenitor star before its explosion; the one on the right shows the supernova on February 
26, 1987, when it had reached an apparent magnitude of 44. (European Southern 


Observatory) 


Figure 18-22 Light curves for 
SN 1987A. Data are given in mag- 
nitudes at the UBVRI bands in the 
time in days since the core col- 
lapse of the progenitor star. The 
last points are from May 16, 
1989. (CTIO/NOAO) 


Apparent Magnitude 


not a red one, had exploded was initially a puzzle. 
The answer is that the main-sequence mass of the 
star that exploded was about 20Mo, and it was 
probably about 10 million years old at the time of 
its explosion. Because of mass loss, it had swung 
back to the blue side of the H-R diagram. 

The visible supernova hit a peak brightness late 
in May 1987 (Figure 18-22). By mid-July, light ech- 
oes of the explosion appeared (Figure 18-23); these 
arose from thin sheets of material 140 and 400 pc 
in front of the supernova. These reflected the light, 
which took a longer time to get to the Earth and 
so arrived after the explosion. From July to Novem- 
ber it declined exponentially, with a half-life of 78.7 
days (mean lifetime 113.4 days), exactly that of ra- 
dioactive °€Co, one of the major elements expected 
to be produced in a supernova explosion. At this 
stage the energy of the supernova came from heat- 
ing the envelope by the y-rays produced by the 
decaying cobalt. By 1988, the opacity of the enve- 
lope had decreased to the point where the y-rays 
could escape directly to space, so the light started 
fading more rapidly. 

SN 1987A passed all the major observational 
tests needed to confirm the main features of super- 
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SN 1987A 
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Figure 18-23 Light echoes from SN 19874, visible in 
1989. This specially processed negative image enhances 
the visibility of the rings. (Anglo-Australian Observatory) 
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nova models. For the first time neutrinos were ob- 
served, and they indicated a total energy of some 
104° J generated in the collapse of the star's core— 
just as predicted. And also for the first time, as- 
tronomers have finally observed the actual forma- 
tion of a neutron star in a supernova event! 


118-6) 
X-RAY SOURCES: BINARY 


AND VARIABLE 


X-ray telescopes have opened the high-energy Uni- 
verse (photons with energies ranging from 1 to 100 
keV) to our view. The Uhuru and Einstein X-ray 
instruments in Earth orbit (and now ROSAT) have 
provided a wealth of data on galactic X-ray 
sources, many of which are variable and some of 
which are in binary systems. A few of these sources 
may contain black holes. Variability seems to be a 
hallmark of these sources, in part because they are 
driven by accretion processes. 

A number of binary X-ray sources have been 
seen (Table 18-4). They fall into two general cate- 
gories: high-mass X-ray binaries (sometime abbre- 
viated HMXRB) and low-mass X-ray binaries 
(LMXRB). The “high” or “low” mass refers to the 
companion of the X-ray source, not the source itself. 
The low-mass systems contain a low-mass, late- 
type star whose optical luminosity is much lower 
than that of the X-rays; orbital periods range from 
a few hours to several days. High-mass systems 
contain early-type giant or supergiant stars and 
tend to be more concentrated in the galactic plane 


than the low-mass systems. Their orbital periods 
range from a few days to hundreds of days. 

The sources listed in Table 18-4 have X-ray lu- 
minosities in the range from 10? to 10°! W. Three 
of the sources (Hercules X-1, Centaurus X-3, and 
Small Magellanic Cloud X-1) have short-period X- 
ray pulses; they are X-ray pulsars. These binaries 
have a magnetized neutron star as the accreting ob- 
ject and X-ray source. The fields channel the ac- 
creting material (probably from the stellar wind of 
the companion) onto a small part of the neutron 
star’s surface; hence, the emission is beamed and 
modulated by the spin period of the neutron star. 

Some systems (Centaurus X-3, Small Magel- 
lanic Cloud X-1, Vela X-1, Circinus X-1, and Her- 
cules X-1) exhibit X-ray eclipses; the X-ray source 
passes behind the normal star as we view the sys- 
tem. Using spectroscopic analysis of the light from 
the visible star (not the X-ray source), we can ob- 
serve the changes in Doppler shift and so find the 
orbital periods, which are typically just a few days. 
These short periods indicate that the orbits are only 
a few times larger than those of the primary stars. 
Then, if we can determine the separation of the two 
objects, we can ascertain, from Kepler’s third law, 
the sum of the masses (normal star plus X-ray 
source). With an idea of the mass of the normal star 
from its luminosity (using the mass-luminosity 
law), we can also determine the mass of the X-ray 
source. And if that mass turns out to be large 
enough (greater than 3Mo, the upper limit for a 
neutron star), the X-ray source is likely a black 
hole! 

For HMXRBs, the neutron stars have masses 
near 1.4Mo, the Chandrasekhar limit. So these stars 
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X-Ray. 
Distance Binary Period Luminosity 
Name (kpc) (days) (2-11 keV) 
Cygnus X-1 25 5.6 2eal0e2 
Centaurus X-3 8 2.087 4 x 10%° 
Small 65 3.89 6 x 103! 
Magellanic 
Cloud X-1 
Vela X-1 1.4 8.97 14 x 1079 
Hercules X-1 5 1.70 1.0 x 10°° 
Scorpio X-1 07 0.787 2.0 x 1071 


(W) Spectral Type Type of X-Ray 

of Visible Star Binary 

O9.7 Iab HM X RB 

(HDE226868) 

06.5 II-III HM X RB 
BOI HM X RB 
BO.5 Ib HM X RB 
A9-FO (HZ Her) HM X RB 
? (V818 Sco) HM X RB 


may have formed from the collapse of the degen- 
erate core of a highly evolved star or by accretion 
onto a degenerate dwarf. Most LMXRBs have or- 
bital periods of a few hours, and so probably con- 
tain a late-type dwarf companion and an X-ray 
source of about a solar mass each. The accretor 
picks up mass from the Roche lobe overflow of the 
companion. The X-ray source in some cases has a 
very thick accretion disk, whose geometry and pre- 
cession can modulate the X-ray emission in com- 
plicated ways. 

Let's look in detail at a few of these exotic 
X-ray sources. 


Cygnus X-1 


One strong candidate for a black hole is Cygnus 
X-1, a strong X-ray source in the constellation Cyg- 
nus. Cygnus X-1 emits about 2 x 10°° W in X-rays. 
Observations have shown that Cygnus X-1 flickers 
rapidly, in less than 0.001 s. This rapidity implies 
that the X-ray source is compact. In 1971, radio as- 
tronomers discovered radio bursts from Cygnus 
X-1 and were able to pin down the location better 
than the X-ray astronomers could. In the most 
likely place for Cygnus X-1 lies an O supergiant 
(Figure 18-24), called HDE (Henry Draper Ex- 
tension) 226868 and is of spectral type 09.71, a 


Figure 18-24 The blue supergiant HDE 226868. This is 
the visible star about which Cygnus X-1 orbits. (J. 
Kristian) 
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supergiant with a surface temperature of roughly 
31,000 K. 

Optical observations show that the dark lines 
in the spectrum of the blue supergiant go through 
periodic Doppler shifts in 5.6 days; the star orbits 
with the X-ray source (a massive but optically in- 
visible companion) about a common center of mass 
every 5.6 days. The mass of Cygnus X-1 is hard to 
determine, however, because we do not have 
enough information to solve for the individual 
masses in the mass function [Section 12—3(B)]. We 
can observe the Doppler shift in the spectrum of 
the visible companion, but we cannot obtain the 
velocity of the X-ray source. And because Cygnus 
X-1 has not been found to eclipse, we do not know 
its orbital inclination. Hence, we cannot determine 
their individual mass. 

We can see this problem as follows. For an 
X-ray source of mass M, and a companion of mass 
M.,, the optical mass function is 


(M, sini)? _ P(V¥sin i)? 


Mx, Mo) = eM 2aG 


(18-4) 


where i is the orbital inclination, P is the orbital 
period, and V. sini is the projected velocity of the 
optical companion. Note that the value of the mass 
function is the least possible value that M, can have; 
it corresponds to a system with M, = 0 andi = 
90°. For Cyg X-1, f(M;x, M.) = 0.25 + 0.01Mo, 
with V.sini = 76 + 1km/s. Then if the supergi- 
ant has a mass of 33Mo, Cygnus X-1 has a mass 
possibly as great as 16M (Figure 18-25). If so, 
Cygnus X-1 must be a black hole, if the limit for a 
neutron star is 3Mo. 

Note that the X-rays come not from the black 
hole itself but from an accretion disk of material 


Cyg X-1 


Figure 18-25 Schematic drawing of the Cyg X-1 binary 
system. Its optical companion is shown filling its Roche 
lobe. The accretion disk is not visible on this scale. 
(Adapted from a diagram by J.E. McClintock) 
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Figure 18-26 Model of the Centaurus X-3 binary sys- 
tem. (Adapted from a diagram by H. Gurskey) 


around it. Mass from the blue supergiant, blown 
by a stellar wind, falls toward the black hole. Its 
angular momentum channels the infall into a disk, 
which is heated by tidal forces and the conversion 
of gravitational potential energy into thermal en- 
ergy. Parts of this disk have temperatures of a few 
million kelvins; these generate the X-rays. 


@ Centaurus X-3 


X-ray emission can arise also from accretion onto 
neutron stars. An example is Centaurus X-3 (ab- 
breviated Cen X-3). The Uhuru satellite showed 
that this X-ray source pulses every 4.84 s. Also, 
long-term observations have revealed that X-ray 
eclipses take place every 2.087 days and last about 
0.5 days. So we know that the orbit of Cen X-3 is 
tilted so that its plane lies in our line-of-sight. A 
faint star at the X-ray source position varies in light 


Flux 


with the same period as Cen X-3. The star turns 
out to be a blue giant about 8 kpc away. 

This information all falls into place with a sim- 
ple model for the Cen X-3 binary system (Figure 
18-26). Cen X-3 itself moves in an almost circular 
orbit around the blue giant at 415 km/s. Its orbit 
has a radius of about 11 x 10°km. At this close 
distance, mass flowing from the giant is picked up 
by the X-ray source. About every 2 days, the X-ray 
source orbits behind the giant as seen from the 
Earth and an X-ray eclipse occurs. These eclipses 
allow us to estimate the mass of Cen X-3: 1.5Mo—a 
low-mass neutron star probably made in a super- 
nova explosion. 

The fact that Cen X-3 is an X-ray pulsar also 
supports a neutron-star model, in analogy with the 
model of radio pulsars as magnetic neutron stars. 
The X-ray pulses might arise from accreting matter 
channeled into the magnetic polar regions of the 
neutron star by the intense magnetic field. 


X-Ray and Gamma-Ray Bursters 


X-ray bursters are set apart from other X-ray 
sources by their emission of brief but powerful 
bursts of X-rays (Figure 18-27). The bursts can oc- 
cur in regular intervals of a few hours or a few 
days. Others fire off in a rapid sequence as a ma- 
chine gun does, shooting off several thousand 
bursts in a day. A 10-s burst carries as much X-ray 
energy as the Sun gives off in a week at all wave- 
lengths. Generally, X-ray bursters are LMXRBs, 
and they tend to cluster toward the galactic center. 
A few have been observed to have optical bursts 
that correspond to the X-ray ones. About ten burst- 
ers are found in globular clusters, about 30% of 
the total. 


MXB 1730-335 
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Figure 18-27 Observations of an X-ray burster. The rapid burster MXB 1730-335 repeats 
a sequence about every 10 min. (Adapted from a diagram by W. Lewin) 


To date, it appears likely that a neutron-star 
model best explains the properties of X-ray burst- 
ers: rise to peak in less than 1s, duration of about 
10s, interval between bursts of about 2h; black- 
body effective temperatures of 3 xX 107K. The 
bursters are concentrated near the galactic center; 
if they are about 10 kpc from us, one burst has a 
luminosity at maximum of a few times 107! W. An 
effective temperature of 3 X 107K requires a 
blackbody of roughly 9-km radius to produce 2 to 
3 X 10%! W. This hints that bursters are in fact neu- 
tron stars in binary systems with a low-mass com- 
panion filling its Roche lobe. This model is similar 
to that for novae, the differences being that here 
the material falls onto a neutron star, not a white 
dwarf, and the temperatures are higher so that the 
energy comes out as X-rays rather than as visible 
light. In other words, bursters arise from thermo- 
nuclear flashes on weakly magnetized (~10* T), 
rapidly accreting (~107!° Mo/year) neutron stars 
in binary systems. 

Gamma-ray bursters were discovered acciden- 
tally by satellites designed to monitor thermonu- 
clear explosions on the Earth. They are transient 
events, of duration from 0.1 to 10s. (Figure 18-28) 
and occur randomly around the sky. Rarely has a 
source been observed to burst more than once. One 
such source is associated with a supernova rem- 
nant in the Large Magellanic Cloud. In general, 
the positions of gamma-ray bursters are not 
well known (positional error boxes contain some 
10 arcmin’), so optical counterparts are hard to 
pin down. 

The Compton Gamma-Ray Observatory has a spe- 
cial experiment (Burst and Transient Source Exper- 
iment, or BATSE) to detect gamma-ray bursters. 
Typically, BATSE observes about one burst per day 
and has recorded thousands so far. Remarkably, 
the bursts appear isotropic on the sky, which im- 
plies that their sources are either very close (local) 
or very far away (cosmological). But what are they? 
The answer largely depends on their distances, 
which we don’t know! If local, they may consist of 
a halo of neutron stars, some 100 kpc away, which 
act as gamma-ray pulsars. If cosmological, then 
their sources must be the most powerful in the cos- 
mos, and the physical mechanism is unknown. Re- 
solving the mystery of gamma-ray bursters stands 
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Figure 18-28 Gamma-ray burst GB800709, observed 
by the Pioneer Venus mission. Note the sequence of well- 
defined, individual spikes over a duration of about a 
minute. 


as one outstanding problem of contemporary 
astrophysics. 

Recent observations may well have cracked the 
gamma ray burster mystery. In February 1997, the 
Italian-Dutch X-ray satellite BeppoSAX located a 
gamma ray burst with good positional accuracy— 
fine enough so that astronomers at La Palma could 
find an optical counterpart to the fading source. 
HST got into action to observe the source and was 
able to resolve it into a point source with an ex- 
tended feature. Still, there was no strong evidence 
about the distance to the source. Then at the begin- 
ning of May 1997, BeppoSAX pinpointed another 
burst, which astronomers at Palomar were able to 
confirm. A few days later, one Keck telescope was 
used to obtain a spectrum of the fast-fading optical 
counterpart. The spectrum showed narrow dark 
lines typical of the lines from intergalactic clouds 
that appear in the spectra of quasars (Section 24- 
4). From the redshifts of these lines, the distance to 
the source has been estimated at a few Gpc—cer- 
tainly extragalactic. Hence for a few seconds, a 
gamma burst iluminates the cosmos with more en- 
ergy than any other known phenomena! 
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| Key Equations & Concepts ] & Concepts 


P-L relationship for Population I Cepheids 
My = —2.76(log P — 1.0) — 4.16 


Variable and Violent Stars 


Mass function for binary X-ray sources 
(M, sin i)? P(V, sin i)? 
M,, M.) = ————-s = — > 
f(Mx, Mc) (M, + M,)? 27rG 
Distance to an expanding shell 


d = V/4.74y" 


les rrr 


1. Consider a Cepheid variable with a period of ten sorption lines corresponding to a velocity of 1700 


days, a mean radius of about 100Ro, and a radial 
velocity averaging 15 km/s. What is the change in its 
radius, AR = R(2) — R(1)? 


. In your own words, describe and correlate the fluc- 
tuation profiles of the typical pulsating star illus- 
trated in Figure 18-2. 


. A Cepheid variable in a hypothetical galaxy is ob- 

served to pulsate with a period of ten days, and its 

mean apparent visual magnitude is 18. It is not 

known whether this is a Population I or Population 

II Cepheid. 

(a) What are the two possible distances to the galaxy 
(neglect interstellar absorption)? 

(b) What is the ratio of these distances? 

(c) Would this ratio change if we considered other 
galaxies? Explain. 

(d) Will this ratio differ for Cepheids of different 
periods? 


. If our telescope has a limiting magnitude of 22, what 
is the maximum distance to which we can see 

(a) RR Lyrae stars 

(b) classical Cepheids 

(c) W Virginis stars 

(d) ordinary novae 

(e) dwarf novae 

(f) supernovae 

How do these distances compare with the diameter 
of our Galaxy? (Hint: Consult Tables 18-1 to 18-3.) 


. The outburst of Nova Aquilae (V603 Aql) occurred 
in June 1918, at which time it attained a brightness 
of —1.1 mag. Spectra showed Doppler-shifted ab- 


km/s. By 1926, the star was surrounded by a faint 
shell 16” of arc in diameter. Find the distance to Nova 
Aquilae in parsecs and the absolute magnitude at 
maximum. 


. If a star becomes a supernova, by what amount does 


its luminosity change if it originally had an absolute 
magnitude of 5.0? of 2.0? (The absolute visual mag- 
nitude of a supernova at maximum is about — 18.0.) 


. Consult Chapter 10 to find the energy output in 


watts of the most energetic solar flares. Referring to 
Chapter 13, compare this with the typical energy out- 
puts of stars of the following spectral types: 

(a) F 

(b) G 

() K 

(d) M 

By what factor is the luminosity of each star in- 
creased during such a flare event? Which stars would 
you consider to be observable flare stars? 


. Consider a rotating star with an extended atmo- 


sphere. If the stellar atmosphere is both rotating and 
expanding, draw the observed profile of a given 
spectral line (Figure 18-9) when the atmosphere ro- 
tates more slowly than the star. 


. A white dwarf in a binary system accretes enough 


material to increase its mass beyond the Chandrasek- 
har limit (14Mo) and collapse to the radius of a neu- 
tron star (~104 m). Calculate the kinetic energy gen- 
erated in such a collapse. Compare this with the 
value of approximately 104*J relevant to a super- 
nova explosion. Comment on the required efficiency 
of energy conversion. 


10. 


11. 


12. 


13. 


14. 


A certain contact-binary system contains a red giant 
and a neutron star. The neutron star has a mass of 
1Mo and a radius of 104m. The system radiates 
103! W in X-rays. Determine the rate of mass flow in 
solar masses per year from the red giant to the neu- 
tron star required to produce this luminosity. As- 
sume that half of the change in gravitational poten- 
tial energy of an accreted gas particle is converted to 
X-rays and that the separation of the two stars is 
much greater than the radius of the neutron star. 


The “luminosity” of a stellar wind is the rate at 
which kinetic energy is carried away by the wind 


Ly = 4(dm/dt)v2 


For the values given in text, calculate the luminosities 
of 

(a) T-Tauri stars 

(b) M-giants 

(c) M-supergiants 

How do they compare? 


Another suggested mechanism for generating a type 
II supernova is explosive nuclear “burning” of the 
heavier elements, especially silicon. One model for a 
massive red supergiant predicts the presence of a 
shell of mass ~2Mo and containing mostly 2°Si deep 
within the interior. Once this shell reaches ignition 
temperature, calculations show that the entire shell 
undergoes fusion within a fraction of a second. For 
simplicity, assume that the shell has a mass of 
2Mo, with *He making up half the nuclei and 
28Si_ the other half. The reaction is 78Si + 
4He — %S + y. Calculate the total energy released 
when the shell ignites and compare this with the 
value of about 10*4 J required for a supernova explo- 
sion. (The masses of the nuclei are 27.9769 amu for 
28Si, 31.9721 amu for 22S, and 4.0026 amu for He.) 


Sketch the analog to Figure 18-9 for the case of a 
cloud of hot gas falling in a spherical shell onto an 
even hotter star. ; 


An O supergiant’s mass can range from 15 to 
40Mo. Solve the mass function for Cyg X-1 for the 
mass of the X-ray source for this range of companion 
masses. 
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15. (a) Using the information provided in Section 18- 


5(E) and assuming a constant expansion rate, cal- 
culate the proper motion of the expanding nebula 
from Supernova 1987A. 

(b) How long must astronomers wait before the neb- 
ula has a diameter of 1”? Approximately what 
date will this be? 


16. (a) Ignoring interstellar absorption, how bright (ap- 


parent magnitude) would a Type II supernova be 
if it exploded 1000 pc from the Earth? Com- 
pare this with the apparent magnitude of Venus 
(m = —3). 

(b) Ignoring interstellar absorption, how distant 
could a Type II supernova be and still be visible 
with the unaided eye (m = 6)? Compare this 
with the diameter of the Galaxy. 

(c) Astronomers estimate that a supernova should 
occur on the average every 25 to 50 years in our 
Galaxy. Given that the last supernova in our Gal- 
axy visible with the naked eye occurred nearly 
400 years ago, comment on your result in (b). 

(d) Ignoring interstellar absorption, how distant 
could a Type II supernova be and still be ob- 
served visually with a 16-inch telescope (m = 
14)? Compare this with the distance to the An- 
dromeda Galaxy (0.7 Mpc) and the nearest large 
cluster of galaxies, the Virgo cluster (15.7 Mpc). 


17. The spiral galaxy NGC 925 is one target of the HST 


Key Project on the Extragalactic Distance Scale. The 
following are V-band apparent magnitudes of se- 
lected Cepheids: 


Cepheid Number Period (days) Vv 
5 48.5 23.68 
8 37.3 24.67 
15 30.1 24.85 
36 20.2 25.35 
77 10.8 25.90 


Find the distance modulus and the distance to NGC 
925 if Ay = 0.42. 


Galactic Rotation: 
Stellar Motions 


O: Solar System resides in a rotating spiral gal- 
axy known as the Milky Way Galaxy; the Sun 
is one of its many stars. This chapter explains the 
observable motions of the stars in our Galaxy (es- 
pecially those in the solar neighborhood) to verify 
galactic rotation and evaluate its characteristics 
quantitatively. These results imply a total mass and 
mass distribution in the Galaxy. We begin with the 
observational properties of stellar motions. Then 
we investigate the characteristic rotational velocity 
of our Sun about the center of the Galaxy and the 
differential galactic rotation. 


19-1) 
COMPONENTS OF STELLAR MOTIONS 


Stellar motions arise from the velocities of stars 
through space. These velocities are vectors, which 
may be resolved into two perpendicular compo- 
nents: the radial velocity along the line-of-sight and 
the tangential velocity in the plane of the sky. Al- 
though the velocity vectors are observed relative to 
the Earth, they are conventionally referred to the 
center of mass of the Solar System (or some other 
origin). 
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Radial Speed 


The radial speed v, of a star is its speed of ap- 
proach or recession; it is easily obtained from the 
Doppler shift of stellar spectral lines. To determine 
this Doppler shift, a laboratory comparison spec- 
trum is photographed adjacent to the stellar spec- 
trum, and the relative positions of lines in the two 
spectra are measured (Figure 19-1). The measured 
Doppler shift, AA = A — Ag, permits us to deduce 
the radial speed of the star from the Doppler for- 
mula (Equation 8-13): 

vy, = (AA/Ag)c (19-1) 


where c is the speed of light, A is the measured 
wavelength, and Ag is the rest wavelength. When 


Figure 19-1 Doppler shifts of Arcturus. The two spec- 
tra, A and B, were taken six months apart. The upper 
spectrum gives a speed of +18 km/s; the lower one, 
—32km/s. The difference in the shifts arises from the 
Earth’s orbital motion. The bright lines above and below 
are the rest-frame reference spectra. (Palomar Observa- 
tory, California Institute of Technology) 


A > Ag, the spectrum is redshifted, and v, is the ra- 
dial speed of recession; when A < Ag, the spectrum 
is blueshifted, and the star is approaching us. To re- 
fer these motions to the Sun, we must correct 
for the component of the Earth’s orbital velocity 
(speed ~ 30 km/s) along the line-of-sight to the 
star. 

The radial speed may be determined for any 
star for which a spectrum may be obtained. The 
distance to the star is irrelevant, for it is only the 
flux of the star that determines whether it is bright 
enough to produce a spectrum when observed 
through a telescope-spectrograph combination. We 
can now measure stellar radial speeds to a preci- 
sion of about 10 m/s! 


@ Proper Motion 


The motion of a star in the plane of the celestial 
sphere is called the proper motion yu, and it is usu- 
ally expressed in seconds of arc per year. For a 


ayN:}Gembeeeme Selected Stars with 
Large Proper Motions 
Annual Proper 

Name V Magnitude Motion (") 
Barnard’s Star 9.54 10.34 
Groombridge 1830 6.45 7.05 
Lacaille 9352 7.34 6.90 

61 Cygni 4.84 5.22 
Lalande 21185 7.49 4.77 

e Indi 4.69 4.70 

a Cetauri 0.00 3.68 
Arcturus —0.04 2.28 
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given speed perpendicular to the line-of-sight, the 
proper motion will be greater the closer the star is 
to us, an obvious analogy with trigonometric par- 
allax [Section 11-1(A)]. Very distant stars exhibit 
no measurable proper motion, and they may there- 
fore be used as reference, or background, stars. Most 
proper motions are very small (Table 19-1); the 
largest known is that of Barnard’s Star; it is an ex- 
ceptional 10’/year (Figure 19-2). 

Compared with the cyclic nature of parallax or- 


.bits, proper motions have the distinct advantage of 


being cumulative; measurements may be made 
many years apart, so that small annual angular dis- 
placements can accumulate to an easily measured 


Figure 19-2 Proper motion of Barnard’s Star. Indicted 
by an arrow, Barnard’s Star shows considerable proper 
motion in the time interval from August 24, 1894 (top) 
to May 30, 1916 (bottom). (Yerkes Observatory) 
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amount. An accuracy of + 0.003’/year is attainable 
when observations are spaced over decades, but we 
must exercise great care in the selection of stan- 
dards of reference. Because the Galaxy rotates, an 
extragalactic reference frame is ideal. Because ob- 
servations of proper motions are made many years 
apart, precautions similar to those taken for paral- 
lax observations are necessary. In particular, cor- 
rections must be made for stellar parallax and for 
the aberration of starlight. Yet proper-motion mea- 
surements are well worth the trouble, for they are 
a key to our knowledge of the structure of the 
Galaxy. 


Tangential Speed 


The proper motion of a star comes from its tangen- 
tial speed v;, which is its linear speed in the direc- 
tion perpendicular to the line-of-sight. To convert 
the angular measure of proper motion to a linear 
speed (km/s) transverse to the line-of-sight, we 
must know the distance d to the star, for 


v, = dsinp ~ pd (19-2) 


The last part of Equation 19-2 follows because p is 
very small (less than 5 X 10~° rad/year). Be care- 
ful to remember the units, for d is normally given 
in parsecs and wp in arcsecs per year. Equation 19-2 
gives v, in parsecs per year when uw is in radians 
per year, but v; is found in astronomical units per 
year when yp is in arcseconds per year. We use d in 
parsecs in either case. By applying the appropriate 
conversion factors (astronomical units to kilome- 
ters and years to seconds), we find that 


v, = 4.74y'd = 4.74(u"/n") km/s (19-3) 


where the distance d is given in parsecs, the par- 
allax 7” in seconds of arc, and the proper motion 
pe’ in arcseconds per year. For example, a star 
whose distance is 100 pc and whose proper motion 


is 0.1’/year has a tangential speed of 47.4 km/s. 


® Space Motion 


The space velocity V of a star with respect to the 
Sun has been decomposed into two perpendicular 
components (Figure 19-3): (1) the radial velocity, 
whose magnitude is v, (the radial speed), and (2) 
the tangential velocity, with magnitude v; (tangen- 
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Sun 


Figure 19-3 Components of space velocity. As viewed 
from the Earth, a star’s space velocity V can be broken 
down into a radial v, and transverse v; component. 


tial speed). From the Pythagorean theorem (and the 
law of vector addition), we find 


V2 = 0,2 + v2 (19-4) 


Once again we caution you that all speeds in Equa- 
tion 19-4 must be in the same units; this need im- 
plies (from Equation 19-3) that we must know the 
distances to the stars. The angle that the space ve- 
locity makes with the line-of-sight is 6, and it is 
found from 


tan 0 = v;/0, 


Hence, these two components can be added (Equa- 
tion 19-4) to find the total speed and direction of 
a star in space (relative to the Sun). For stars in the 
Sun’s neighborhood, the magnitude of their space 
velocities averages 25 km/s. 


19.-2 
THE LOCAL STANDARD OF REST 


Our Galaxy has two physically preferred frames of 
reference. The first is the galactocentric system: 
centered at the nucleus of the Galaxy, its reference 
plane is the galactic plane, and its reference axis is 
the galactic rotation axis. We are primarily inter- 
ested in the second system here—the local stan- 
dard of rest (LSR). 

One way to define the LSR is by the dynamical 
LSR—the reference frame, instantaneously cen- 
tered upon the Sun, which moves in a circular orbit 
about the galactic center at the circular speed ap- 
propriate to its position in the Galaxy. So all stars 
in the solar neighborhood that are in circular ga- 


Hercules Region 
(apex) 


Columba Region 
# (Antapex) wea 


(A) 


Pemax 


bmax 


(B) 


Figure 19-4 Solar motions. (A) The Sun’s motion rel- 
ative to local stars in the direction of Hercules, the apex 
of the motion, makes them appear to stream toward the 
antapex in Columba. (B) Reflected solar motion. The so- 
lar motion with respect to the LSR affects stars around 
the celestial sphere. Hence the stars reflect the Sun’s mo- 
tion toward the apex and away from the antapex. 
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lactic orbits are essentially at rest in the dynamical 
LSR. Any deviations from circular motion in the 
solar neighborhood will appear as stellar peculiar 
motions with respect to the dynamical LSR. 

The Sun’s galactic orbit is not perfectly cir- 
cular. So, with respect to the LSR, a solar motion of 
19.5 km/s occurs toward the constellation Hercules 
(| = 56°, b = 23°). On the celestial sphere, the Sun 
is moving toward the solar apex and away from 
the solar antapex (Figure 19-4A). The nature and 


. extent of the solar motion were first demonstrated 


by William Herschel in 1783 using statistical meth- 
ods; let’s state his analysis in modern terms. 

The stars in the solar neighborhood exhibit pe- 
culiar motions with respect to the LSR; that is, they 
swarm about like sluggish bees. If the Sun were at 
rest in the LSR, the average of these peculiar ve- 
locities would also be zero with respect to the Sun. 
If the Sun moves with respect to the LSR, however, 
each star will (in addition to its peculiar motion) 
reflect this solar motion to an extent dependent 
upon its position on the celestial sphere (Figure 
19-4B). Stars on the great circle 90° from both the 
apex and the antapex will, on the average, exhibit 
the largest proper motions toward the antapex; 
hence, proper-motion averages (out to about 50 pc) 
reveal the locations of the apex and antapex. We 
determine the speed of the solar motion by aver- 
aging the radial speeds of stars near the apex and 
stars near the antapex; the average radial speed of 
approach is greatest at the apex (another way to 
locate the apex) and that of recession is greatest at 
the antapex (another way to locate the antapex). 

Finally, note that the average proper motion 
vanishes at both the apex and the antapex. Because 
the stars sampled for radial speed can be much 
more distant than those sampled for proper mo- 
tion, a different apex location will result from each 
sample; in practice, the two locations are almost 
identical. 


19-3 
MOVING CLUSTERS 


We briefly mentioned moving stellar clusters in 
Section 11-1(A). Recall that such a cluster is a grav- 
itationally bound group of stars traveling through 
the Galaxy. Hence, all the cluster members exhibit 
the same peculiar motion relative to the LSR be- 
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cause the stellar motions are completely correlated, 
not random. We can identify the members of a 
given cluster by this property. Random observa- 
tional errors permit a small number of stars that 
are not part of the cluster to slip into our chosen 
sample and limit us, by Equation 19-3, to those 
clusters nearer than about 500 pc. 

Consider a small, or distant, cluster that sub- 
tends a small solid angle on the sky. Its radial 
speed v, and angular proper motion pu", with re- 
spect to the LSR, may be obtained by studying a 
single star (and correcting for the reflected solar 
motion). To avoid errors from the possible inclu- 
sion of stars not part of the cluster, we usually take 
averages over several stars. The direction of the 
cluster’s space velocity is unknown, however (it is 
too distant for parallax measurements), so that we 
cannot find the cluster distance from Equation 
19-3. Some other distance criterion must be used 
in this case. 

The situation improves when we have a nearby 
cluster that subtends a large solid angle on the sky. 
Then (Figures 19-5 and 19-6), because all cluster 
members are moving in the same spatial direction, 
their proper motions appear to converge toward 
(or diverge from) a single point on the celestial 
sphere. We call this the convergent point. This phe- 
nomenon occurs from perspective effects that cause 
parallel motions of stars to appear to radiate from 
a single point on the sky. Again, we know the ra- 
dial speed of the moving cluster once we have de- 
termined it for a single member star, but now we 
also know the direction of the cluster’s space mo- 


— VAY, 
Stare 
Vv 
* 
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Celestial 
—— Sphere 
Convergent 
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Figure 19-S Moving-cluster geometry. A cluster of 
stars moves with space velocity V, and the proper mo- 
tions appear directed to the convergent point on the ce- 
lestial sphere. 


Galactic Rotation: Stellar Motions 


Declination 


Convergent 
Point 


Right Ascension 
Figure 19-6 Hyades motions. This nearby cluster has 
a well-defined group proper motion that meets at a con- 
vergent point (rectangle with dot). Data from 1908 to 
1954. (From O. Struve, B. Lynds, and H. Pillans, Elemen- 
tary Astronomy, Oxford University Press, 1959) 


tion. When we extend the proper motions of the 
member stars on the sky, they intersect at the con- 
vergent point of the cluster (Figure 19-6). The an- 
gular distance @ from the convergent point to a 
member star is the same as the angle between the 
line-of-sight to that star and the star’s space veloc- 
ity vector V (Figure 19-5): 


V = v,/cos 6 (19-5) 


but we know that y% = V sin 6, and so using Equa- 
tions 19-3 and 19-5 gives us the cluster distance 
from its derived parallax: 


tw” = 4,74p'/v, tan 0 (19-6) 


These are called moving-cluster parallaxes. Note 
that once a cluster’s distance is known, so too is the 
distance to its individual stars. 

Radial velocities for about 40 stars in the Hy- 
ades have been observed to obtain a cluster radial 
velocity of 39.1 km/s and a convergent-point po- 
sition of RA = 95.3° and DEC = 7.2°. The distance 
modulus then comes out to m — M = 3.23 for a 
distance of 44.3 pc. This result coincides almost ex- 
actly with the distance found from trigonometric 
parallaxes: m — M = 3.25. Hence, we know the 
distance to the Hyades with an error of a little less 
than 1 pc, or an accuracy of about 2%, which is 
amazing for a distance measurement outside of the 


Solar System. (Because Hipparchos observed the Hy- 
ades and a few other open clusters, we expect that 
these values will be revised.) 

Once we have obtained an accurate cluster dis- 
tance, we can make an absolute calibration of the 
H-R diagram of that cluster [Section 13-3(G)]; the 
Hyades distance of 44.3 pc (obtained by the mov- 
ing-cluster method) now provides fundamental 
distance scale upon which all distances greater 
than about 100 pc (even to the limits of our Uni- 
verse!) are based. Distances less than 100 pc are 
based on trigonometric parallaxes. By using the 
Hyades H-R diagram and the main-sequence fit- 
ting technique, astronomers have extended the 
scale to the Praesepe (Beehive) star cluster in Can- 
cer at 159 pc and to the Double Cluster (h and y 
Persei) in Perseus at 2330 pc—with an accuracy of 
about 10% in the distances. Chapter 22 shows how 
this distance scale may be further extended to ex- 
tragalactic objects and the Universe. 


19-4 
GALACTIC ROTATION 
Differential Galactic Rotation 


Stars in the solar neighborhood orbiting the galac- 
tic center in perfectly circular orbits would be at 
rest in the LSR. This statement implies rigid-body 
rotation (w = constant angular speed about the ga- 
lactic center) of our region of the Galaxy, however. 
The particles a rigid body is made up of remain at 
fixed distances from one another, and every parti- 
cle moves around the center of the body in the 
same period. Now w = v/r, where v is the circular 
orbital speed and r is the orbital radius; hence, for 
a rigid body, v « r if the stars orbit in such a way 
that Equation 14-6 holds. Now, if the Sun orbits in 
a roughly Keplerian fashion, then v«1r/? and 
w«r%/2 % constant. We say that there is differ- 
ential galactic rotation when the orbital angular 
speed is a function of distance from the galactic 
center, w = a(7). 

Let’s explicitly show the difference between 
solid-body and Keplerian motion. Consider most of 
the Galaxy’s mass, M, concentrated at its center. 
Then Kepler's third law, 


P2 = (412/GM)R3 
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where R is the distance to the center at which a 
mass orbits with circular velocity V and period P 
such that 


= 27R/V 
gives us 
41?R2/V2 = (42/GM)R? 
and 
V = (GM/R)'/2 « R-WV2 


for Keplerian motion. 

In contrast, picture a spherical mass with a uni- 
form density p throughout. Then the centripetal ac- 
celeration a at a distance R from the center is 


a = VR = GM(R)/R2 
where M(R) is the mass within R, or 
M(R) = 47R3p/3 
so that 
V2/R = G(4mR3p/3)R? 
and 
V = (4mGp/3)'/?R « R 


for solid-body rotation (w = constant.) 

Let’s now follow Jan Oort’s brilliant work of 
1927 and derive the effects of differential galactic 
rotation (particularly in the solar neighborhood). 
At the end, you will see that these effects are in- 
deed observable. 

First, assume for simplicity circular galactic or- 
bits in the galactic plane (Figure 19-7). Here we 
have defined R as, for example, the star’s distance 
from the galactic center, Ro as the Sun’s distance 
from the center, d as the Sun-star distance, 8 as 
the star’s circular orbital speed, Qo as the orbital 
speed of the LSR, ! as the galactic longitude of the 
star, a as the angle between the line-of-sight to the 
star and its orbital velocity, w as the star’s galactic 
angular speed, and wo as that of the LSR. 

We begin with v,, as the star’s radial speed 
with respect to the LSR. From Figure 19-7, we have 


vr = Ocosa — Ogsin! (19-7) 
and the law of sines (Appendix 9) gives 
sin (I)/R = sin (90° + a)/Ro (19-8) 


cos (a)/Ro 
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Galactic Center 


Figure 19-7 Geometry for galactic rotation. The Sun, 
galactic center, and a star define the galactic plane; all 
motions are assumed to be circular. 


but w = O/R (and wo = 8o/Ro), so that using 
Equations 19-7 and 19-8, 


Vy = Ro(w — wo) sin! (19-9) 


For a rigid rotation, w = wo, so that v, = 0; differ- 
ential galactic rotation implies a finite radial speed 
for the star. 

How about 2, the star’s tangential speed with 
respect to the LSR? Again, from Figure 19-7: 


vy = Osina — Oocos! (19-10) 


and now the law of sines gives 


sin (l)/R = sin (90° — 1 — a) = [cos(1 + a)]/d 
= (cos acos! — sinasinl)/d (19-11) 


where the last equality follows from the identity 
cos(x + y) = cosx cosy — sinx siny. We solve 
Equation 19-11 for sin a and use Equation 19-8 for 
cos a to put Equation 19-10 in the form 


Vt = Ro(w — wo) cos! — dw = (19-12) 


The Oort formulas, Equations 19-9 and 19-12, 
are for concentric, circular, coplanar orbits; you will 
see them extensively in Section 19-4(C) and Chap- 
ter 20. Here, however, we specialize to the solar 
neighborhood, where d < Ro. To do so makes use 
of an approximation valid for regular functions. 

If f(x) is a smoothly varying curve, then we can 
find the value of this curve near some point x = x9 
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by using the Taylor expansion: 


f(x) = flxo) + @ffax)x (x — Xo) 
+ (1/2)(d? flax?) x(x _ Xo)? ++: 


Now (df/dx)x, is the curve’s slope at Xo, and its cur- 
vature is (d7f/dx*),,, or the rate of change of the 
slope with x; recall that x — x9 is small. The first 
two terms in this expansion, with (df/dx),. = 
constant, approximate f(x) when the curvature is 
negligible. Near the Sun, w is approximately equal 
to wo, and so, to a first approximation, 


@ — wo ~ (dw/dR)x(R — Ro) (19-13) 


where (dw/dR)r, is the rate of change of the orbital 
angular speed with respect to distance evaluated at 
the distance R = Rg. Historically, we use the Oort 
constant A, defined as 


A = —(Ro/2\dw/dR)p, (19-14) 


to write the radial speed (Equation 19-9) as 


Vv, = —2A(R — Ro) sin! (19-15) 


but you can see that, for small d, Figure 19-7 im- 
plies that Ro — R ~ d cosl, so that Equation 19- 
15 takes the final form 


v, = Ad sin 21 (19-16) 


where the identity sin 2/ = 2 sin! cos! has been 
used. The tangential speed equation (19-12), if the 
same approximation (Equation 19-13) and the re- 
lation Ro — R ~ d cos! are assumed and terms 
like d? or smaller are neglected, becomes 


vy; = a(A cos 2] + B) (19-17) 
where the Oort constant B is given by 
B=A- a (19-18) 


and where the identity cos?/ = (1/2)(1 + cos2I) 
has been used. 

If the radial and tangential speeds, given by 
Equations 19-16 and 19-17, are plotted versus ga- 
lactic longitude, the resulting curves are termed 
double-sinusoids (sinusoidal with a period of 180°, 
not 360°). Figure 19-8 shows observed stellar mo- 
tions plotted in this way—it is clear that our Gal- 
axy is rotating differentially. Figure 19-9 illustrates 
the physical cause for the results shown in Figure 
19-8. Because A is positive, the angular speed 
w(R) decreases with increasing R in the solar neigh- 
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Figure 19-8 Observed galactic rotation. The radial ve- 
locities of nearby Cepheids are plotted as a function of 
galactic longitude. These are motions with respect to the 
LSR. The solid curve is the expected motions in the Oort 
model. 


borhood. It decreases rapidly enough that the fol- 
lowing effects are observable: (a) stars with R < 
Ro are moving about the galactic center more rap- 
idly than the LSR and (b) stars with R > Ro are 
orbiting at lower angular speeds than the LSR. So 
both sets of stars appear to be moving toward 
larger values of I; those closer in are passing us by, 
and those farther out are being left behind by the 
LSR. The resulting apparent stellar motions with 
respect to the LSR are shown in Figure 19-9. 


ACTUAL 
(galactocentric) 


Figure 19-9 Differential galactic rota- 
tion. (A) Stars and the LSR X orbit the 
galactic center with smaller orbital 
speeds at greater distances. (B) With re- 
spect to the LSR, we expect a double-si- 
nusoidal pattern in stellar radial 
velocities. 
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@ Characterizing the LSR 


The LSR is specified by its distance Ro from the 
center of the Galaxy and its circular orbital speed 
Qo around the center of the Galaxy. How can we 
determine these parameters? The stellar effects of 
differential galactic rotation (Figure 19-8), for ex- 
ample, may be evaluated using Equations 19-16 
and 19-17 to find Oort’s constants A and B. Be- 
cause radial velocity data permit us to reach great 
distances, the value of A = 15 km/s: kpc has 


‘ been found from B stars and Cepheid variables 


(Section 18-2). Proper-motion data give us the 
more uncertain value of B = —10 km/s « kpc. Us- 
ing Equation 19-18, we have wo = O0/Ro = A — 
B = 25km/s « kpc. Clearly, an independent deter- 
mination of either Rg or Oo is needed before the 
other unknown can be found. Recent observations 
suggest that A = 14 and B = —12, so that A — 
B = 26km/s : kpc. 

In the next section, you will see that a good 
value for the combination ARg is obtainable from 
radio astronomical observations of the neutral 
atomic hydrogen (H I) and carbon monoxide (CO) 
in our Galaxy. Using the value for A, we find 
Ro ~ 85 kpc and Qo ~ 220km/s. If we could 
somehow determine o(R) for our Galaxy and 
thence (dw/dR)r,, Equation 19-14 would give us 
Ro; unfortunately, we must already know Ro if we 
are to obtain w(R). The values we use were those 
recommended to the International Astronomical 
Union in 1985 to be adopted for Ro and Op. (The 
old values were Ro = 10 kpc and 09 = 250 km/s.) 


APPARENT 
(LSR) 
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Recent observations of motions in the galactic cen- 
ter give a value as small as 7.1 + 1.2 kpc; we'll 
stick with 8.5 kpc. 

To better understand differential galactic rota- 
tion, let’s derive the Oort constants for the LSR in 
Keplerian orbit about the mass Mg = 1.5 X 
104 Mo. Then 


w2R = GM</R2 
or 
w(R) = (GMg¢/R?)'”/2 (19-19) 


Differentiating Equation 19-19 with respect to R 
gives 


dw/dR = —(3/2)(GMc)”/?R-*/? = —3w/2R 
so that Oort’s first constant is (by Equation 19-14) 


A = (3/4)wp = 19km/s+ kpc (19-20a) 
Finally, from Equation (19-18), 
B= A — wo = —(1A)wo (19-20b) 
= -—65km/s + kpc 


Note that Ro = 8.5kpc was used in Equation 
19-19 to obtain Equation 19-20. The calculated val- 
ues of A and B assuming Keplerian orbits do not 
agree with the observed values. Why not? Because 
the Galaxy is not a point mass! 


The Rotation Curve of Our Galaxy 


As a result of differential galactic rotation, w = 
«(R), so that © = O(R)—the latter relationship is 
called the rotation curve of our Galaxy. The rota- 
tion curves for other (nearby) galaxies are found by 
measuring the radial velocities of H I features in 
these galaxies, but for our own Galaxy the problem 
is more intricate. 

Return to Figure 19-7 and notice that the max- 
imum radial speed v;max Observed at a given ga- 
lactic longitude occurs when the line-of-sight passes 
closest (Rmin) to the galactic center. Here the line- 
of-sight is tangent to the orbit, and from Figure 
19-7 we have 


Rmin = Ro sin l (19-21) 
Now Equation 19-9 is inverted to the general forms 


O(Rmin) = Urmax + Oosin! (19-22a) 
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and 


(Rin) = 0 + (Upmax/Ro sin )) (19-22b) 


where U;max is observed and Rmin may be found 
from Equation 19-21. Note that in Equations 19-22 
at least two of the following must be known before 
we can determine the rotation curve: Ro, Qo, and 
@o. If we confine our attention to the radial veloc- 
ities of nearby objects (d < Ro), then Equations 
19-15 and 19-21 lead to 


Vymax = 2 ARo (sin 1)(1 — sinl) (19-23) 


and we obtain the combination ARg by observing 
at galactic longitudes near (but smaller than) 90° 
and near (but larger than) 270°, because the line-of- 
sight can be tangent only to orbits interior to Ro. 
Equation 19-23 is useful for distances of a few 
kiloparsecs, but the interstellar obscuration (Section 
15-1) severely impedes stellar studies at greater 
distances. Fortunately, H I and CO can be seen by 
radio techniques to vastly greater distances, and 
then we must use Equations 19-22. Because H I 
and CO clouds tend to delineate spiral features, 
only a few places occur where the line-of-sight is 
tangent to a spiral arm, and we may evaluate 
U,max from these observations, as discussed in 
Chapter 20. Also, emission from the CO molecule 
can be used together with data from the associated 
bright stars to determine the rotation curve beyond 
the solar circle (R > Ro). By combining optical and 
radio data, we can deduce a rotation curve for our 
Galaxy (Figure 19-10). From these data, A = 17.7 
and B = —8.1, assuming only circular motions. 
Note that the actual galactic rotation curve 
does not follow that expected from simple Keple- 
rian motions. From close to the galactic center out 
to 300 pc, the curve rises steeply and then drops, 
bottoming out at about 3 kpc. It then rises slowly 
out to near the position of the Sun. Carbon mon- 
oxide observations show the rotation curve in the 
outer parts of the Galaxy. The curve rises more be- 
yond the Sun, reaching almost 300 km/s at 18 kpc. 
What does this curve tell us? Because even the 
outer parts of the Galaxy do not revolve in a Kep- 
lerian fashion, much of the Galaxy’s material must 
lie out beyond the Sun’s orbit. From the rotation 
curve out to 18 kpc, the Galaxy’s mass is 3.4 x 
10!4Mo (Equation 14-6). So at least as much mass 
lies exterior to the solar circle as interior to it. Much 
of this matter is invisible; the Galaxy has a massive 


Figure 19-10 A rotation curve 325 
of the Galaxy. Based primarily on 
CO observations, this scale is 300 


based on a distance of 8.5 kpc 
from the galactic center. Note how 
the curve flattens out beyond 14 
kpc. (Adapted from a diagram by 
D.P. Clemens) 


Rotation Speed (knvVs) 


halo of dark matter (and so do other galaxies of the 
same type as ours). 

Note that, roughly, the rotation curve is flat 
outside the central region of the Galaxy. A flat ro- 
tation curve requires that A = —B, and a value of 
13 for each falls within the present error range. 
However, it is not yet clear that a flat rotation curve 
applies to the local area in which the rotation con- 
stants are derived. 


® High-Velocity Stars 


Now to return to the solar neighborhood to com- 
plete our study of stellar motions. Nearby stars are 
observed to be moving in every possible direction 
with respect to the LSR (consider the solar motion, 
discussed in the preceding sections); these stars are 
in eccentric orbits about the galactic center, and so 
they cannot be at rest in the LSR. Decompose a 
star’s peculiar motion with respect to the galactic 
center into three mutually perpendicular compo- 
nents: (1) II, the speed radially outward (toward 
I] = 180°), (2) ©, the speed toward 1 = 90° as before, 
and (3) Z, the speed perpendicular to the galactic 
plane (positive toward b = 90°). Now the stellar- 
motion components with respect to the LSR are 
(II, © — ©o, Z); for example, in this notation the 
solar motion is (—10.4, 14.8, 7.3) km/s. So the Sun 
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is moving inward toward the galactic center and 
forward toward Cygnus and is rising out of the 
galactic plane relative to the LSR. 

Figure 19-11 schematically shows the velocity 
distributions of several types of stars in the galactic 
plane (II, © — ©o). Here we can clearly see that 
young stars are almost at rest in the LSR, that older 
stars are moving faster with respect to the LSR, and 
that very old Population II stars are in rapid mo- 
tion relative to the LSR. The Z components of the 
stellar velocities behave similarly, so that the older 
a star is, the more rapidly and the farther it moves 
out of the galactic plane. This phenomenon is as- 
sociated with the origins of the stars: young stars 
are born in spiral arms and move in nearly circular 
orbits in the galactic plane, whereas the older disk 
and Population II stars were born far from the ga- 
lactic plane (and even in the galactic halo). 

We can compute velocity curves for stellar or- 
bits of different eccentricities and semimajor axes 
(Figure 19-11). This procedure shows that young 
stars and our Sun are in nearly circular galactic or- 
bits at R ~ Ro and that very old stars (including 
subdwarfs) and the globular clusters are in highly 
eccentric orbits with Ro/2 = R = Ro (here R rep- 
resents the semimajor axis). 

Note that the stellar velocities seem to avoid 
the direction of galactic rotation (J = 90°), and few 
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Figure 19-11 Stellar motions in the galactic plane. The 
observed velocities with respect to the LSR are plotted 
for stars in the solar neighborhood. The darkest shading 
are A stars; the intermediate shading, older K giants; the 
lightly shaded area, very old disk and Population II stars. 
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stars move faster than about 65 km/s in this direc- 
tion. This effect is most noticeable for the so-called 
high-velocity stars, those with in-plane speeds 
greater than 65km/s relative to the LSR. (Stars 
with larger velocities move on very elliptical or- 
bits.) Two separate phenomena are involved here. 
A local star whose total speed is greater than 450 
km/s (the local escape speed) relative to the galac- 
tic center will escape from the Galaxy; hence, the 
deficiency of stars with 0 — 09 = 65km/s. The 
high-velocity stars arise not because they are mov- 
ing extremely rapidly through the Galaxy but be- 
cause they are moving much more slowly than the 
LSR. A star moving slowly near apogalacticon (far- 
thest distance from the Galaxy’s center; at periga- 
lacticon, the star is closest to the center) in a highly 
eccentric orbit (Figure 19-12) appears to be moving 
rapidly with respect to the LSR. For example, the 
LSR (moving at 69 = 220 km/s) seems to be reced- 
ing at 100 km/s from a star at apogalacticon (in the 
solar neighborhood) with © = 120km/s. Such 
high-velocity objects also include the RR Lyrae 
stars and the high latitude (large b), high-velocity 
H I clouds. 


LSR Circular Orbi Solar 
ate ony 7a Neighborhood 
age Tae, See im \ 
a noes Pre f SR \ 
/ \ Low-Eccentricity Orbit Po ae Low-Velocity Star 
! \ XS / 
! \ nee, 
! \ High-Eccentricity Orbit 
| High-Velocity 
Globular Cluster 
To 
Galactic 
Center 
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Figure 19-12 High-velocity objects. (A) Three galactic orbits are shown: the circular LSR, 
a low-eccentricity orbit of a nearby A star, and a high-eccentricity globular cluster near 
apogalacticon. (B) Relative to the LSR, these same objects in the solar neighborhood appear 
as a low-velocity A star and a high-velocity globular cluster. 
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Key Eduations & Cnc; 


Tangential speed 


vy, = 4.74y"d = 4.74(u"/") km/s 


Moving clusters 


tr” = 4.74y'/v, tan 0 


Oort Formulae 


v, = Ad sin 21 
vy, = a(A cos2l + B) 
B=A-— Wo 


i 


. The Fe I emission lines (at 441.5 and 444.2 nm) ina 
comparison spectrum are located 15.00 and 15.43 
mm, respectively, from an arbitrary reference point. 
If a stellar Ca I line (of rest wavelength 442.5 nm) is 
measured to be at 15.27 mm, 

(a) what is the observed wavelength of the Ca I line? 
(b) what is the radial velocity of this star? 


. By making the appropriate conversions of units, 
show that Equation 19-3 follows from Equation 
19-2. 


. A star located 90° from the solar antapex on the ce- 

lestial sphere is at rest in the LSR 10 pc from the Sun. 

As seen from the Sun, 

(a) by what angle (in arcsec) will this star appear to 
move on the celestial sphere in ten years? 

(b) in what direction will the star appear to move? 


. The star Delta Tauri is a member of the Taurus mov- 

ing group. It is observed to have a proper motion of 

0.115'/year and a radial velocity of 38.6 km/s and to 

lie 29.1° from the convergent point of the group. 

(a) What is this star’s parallax? 

(b) What is its distance in parsecs? 

(c) Another star belonging to the same group lies 
only 20° from the convergent point. What are its 
proper motion and radial velocity? 


. Refer to the data given in Problem 19-4. Assume that 
a probable error of +0.005’/year is associated with 
the proper motion of Delta Tauri. If we indepen- 
dently measure the trigonometric parallax of this star 
(with a probable error of + 0.005”), what are the un- 
certainties in parsecs in the distances determined 
from these two separate parallaxes? 


6. 


10. 


11. 


Assume that the mass of our Galaxy is 15 xX 101! 
solar masses and that itis all concentrated ina point 
at the galactic center. 

(a) Plot a rotation curve (© versus R), with appro- 
priate units and exemplary values along each 
axis, for this Keplerian case. 

(b) Indicate the rotation period at R = 5, 85, and 
20 kpc. 

(c) What is the speed of escape from R = 8.5 kpc? 


. A star in a galactic orbit of eccentricity 0.8 and semi- 


major axis 7 kpc moves through the solar neighbor- 
hood on its outward journey in the galactic plane. 
What is the velocity of this star with respect to the 
LSR? Assume the Galaxy is a point mass (Keplerian 
motion). 


. Use Figure 19-10 to calculate the Galaxy’s interior 


mass to the distance out to which the curve extends. 
(Hint: The Galaxy is not a point mass; the motion is 
not Keplerian!) 


. The star BS 1828 has a proper motion of 0.24’/year 


along position angle 48° (east of north) and a parallax 
of 0.012”. The HB line (Ag = 486.1 nm) appears at 
A = 485.9 nm. What is the magnitude of the star’s 
space velocity and what angle does the velocity 
make to the line-of-sight (which points away from 
the Sun)? 


Determine the proper motion (relative to the LSR) in 
arcseconds per year of a star in circular motion about 
the galactic center 4 kpc from the Sun and at a ga- 
lactic longitude of 60°. Use the rotation curve given 
in Figure 19-10. (Expect your answers to be small!) 


The distance from the convergent point to the center 
of the Hyades cluster is 29.9°, and the cluster’s radial 
velocity is 39.1 km/s. Use this information and that 
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12. 


13. 


14. 
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in the chapter to calculate a moving-cluster distance 
to the Hyades. If the error in the radial velocity de- 
termination is + 0.2 km/s, what is the error in the 
distance? 


Derive Equation 19-6 for moving cluster parallaxes 
from Equations 19-3 and 19-5. 


Sections 14-5 and 19-4 state that the halo of our gal- 
axy contains nonluminous matter. If we can’t see it, 
how do we know it’s there? 


Barnard’s star has a radial speed of —108 km/s, 

proper motion 10.34’/year, and parallax 0.546". 

(a) What is the distance to Barnard’s star in parsecs? 
In kilometers? 

(b) What is the tangential speed of Barnard’s star? 

(c) What is the space velocity of Barnard’s star and 
the angle that the space velocity makes with the 
line-of-sight? 
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15. 


16. 


17. 


(d) At its closest approach, how distant in parsecs 
and light years will Barnard’s star be? Compare 
this to the current distance of a Centauri. 

(e) In how many years will Barnard’s star be its clos- 
est to the Sun? 

(f) Barnard’s star currently has an apparent visual 
magnitude of 9.54. What will be its magnitude at 
closest approach? 


Calculate a rotation curve for a mass distribution 
of constant density, adding up to M(Ro) at the 
Sun’s orbit. Compare this model to the actual rota- 
tion curve. 


For | = 45°, we observe that.v, = +30km/s. What 


are the values of R and d? 


For what mass distribution would v(R) be constant? 


The Evolution 
of Our Galaxy 


W: have so far described the physical charac- 
teristics of two main parts of the matter of the 
Galaxy: the stars and the interstellar medium. This 
chapter ties them together in the grand design of 
the structure of the Milky Way Galaxy. You will 
see that our Galaxy has a spiral layout, with much 
irregularity imposed on the overall pattern. This 
spiral imprint must evolve, and its evolution con- 
nects to the evolution of the stars, gas, and dust 
contained within. 


20-1 
THE STRUCTURE OF OUR GALAXY 
FROM RADIO STUDIES 


To map out the Galaxy’s structure requires a tech- 
nique that distinguishes the paths of spiral arms 
from the bulk of the interstellar medium. The tra- 
ditional mapping technique uses the 21-cm line of 
HI. As you will see, this technique has serious lim- 
itations. The mapping of molecular clouds in CO 
has complemented 21-cm observations. In fact, ob- 
servational evidence so far indicates that giant mo- 
lecular clouds outline spiral arms more tightly than 
do H I clouds. 


21-cm Data and the Spiral Structure 


The hyperfine transition from neutral hydrogen 
(H_ I) at the radio wavelength of 21cm [Section 
15-5(E)], combined with radial velocity variations 
from differential galactic rotation, allows us to de- 
duce the spiral-arm structure in the galactic plane. 
If the galactic rotation curve is known (and that’s 
a crucial if!), the distances to concentrations of neu- 
tral hydrogen may be found from the observed 
Doppler-shifted 21-cm line profiles. Implicit in 
these distance determinations are two assumptions: 
(1) differential galactic rotation and (2) circular ga- 
lactic orbits for the gas near the galactic plane. 
Because interstellar absorption is insignificant 
at the 21-cm wavelength, the line emission is ob- 
servable throughout our Galaxy. Hence, we can 
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Figure 20-1 Line profiles at 21cm in the galactic plane. These emissions come from 
regions spanning the galactic equator. Galactic longitude is indicated on the left of each 
profile; galactic latitude, on the right. The flux is calibrated in units of the antenna tem- 
perature. (Adapted from diagrams by F.J. Kerr and G. Westerhout) 


probe galactic regions far beyond the solar neigh- 
borhood. The 21-cm line profile for a given line of 
sight exhibits several Doppler-shifted peaks that 
are fairly narrow and well defined. The concentra- 
tion of hydrogen into spiral arms produces the ob- 
served forms of the line profiles (Figure 20-1). Line 
profiles seen near the galactic longitude | have 
Doppler peaks that shift in a concerted fashion as 
I varies. Each peak characterizes a spiral arm inter- 
sected by the line-of-sight. If we interpret the 
Doppler shift in terms of the radial velocity of that 
section of the arm and apply the rotation formulas 
of Chapter 19, we find the distance to the arm; be- 
cause we have assumed circular orbits, the distance 
is uncertain to the extent that asymmetric motions 
occur. More realistic results are obtained by includ- 
ing modifications to circular motions. 
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Let’s illustrate this procedure by interpreting 
one 21-cm profile (Figure 20-2). This profile cor- 
responds to the line-of-sight at ] = 48°, and it con- 
sists of three Doppler peaks at radial velocities of 
55, 15, and —50 km/s. If we denote the Sun’s dis- 
tance from the galactic center by Ro and note that 
positive radial velocities correspond to recession, 
then two of the hydrogen clouds are receding and 
one is approaching. From the rotation formulas 
(Section 19-4), we find that recession corresponds 
to R < Rg and that an approaching cloud must lie 
at R > Ro. Remembering the approximate nature 
of Equation 19-16, we compute the maximum ra- 
dial velocity as 57 km/s; therefore, cloud A, with a 
radial velocity of 55 km/s, lies very close to the tan- 
gent point. Cloud D, which is then approaching us 
(—50 km/s), lies at R > Ro, as indicated in Figure 


Figure 20-2 Line profiles 
and Doppler shifts. (A) Line 
profiles from an umber of H I 
clouds at longitude 48°. (B) The 
line-of-sight geometry for the 
(B) profiles in (A). 


20-1 


20-2. There is a hint of double structure (clouds B 
and C) in the 15-km/s peak; latitude scans imply 
that cloud B lies beyond the tangent point (near 
R = Ro) and cloud C is very close to the Sun. 

By combining 21-cm data from both the North- 
ern and Southern Hemispheres, we can construct a 
schematic picture of the neutral hydrogen distri- 
bution in the spiral arms of our Galaxy (Figure 
20-3). The spiral structure is poorly determined 
near | = 0° and / = 180°—that is, toward the ga- 
lactic center and in the diametrically opposed (an- 
ticenter) direction. Circularly orbiting hydrogen 
clouds in those directions should exhibit no radial 
velocity; hence, we cannot determine the distances 
to such clouds, for the line profile is a single peak 
at 21 cm. A distance ambiguity exists for hydrogen 
clouds that are closer to the galactic center than is 
the Sun. Because the maximum radial velocity of 
recession occurs when the line-of-sight passes clos- 
est to the galactic center (tangent point), a cloud 
closer to the Sun than the tangent point may have 
the same (lower) recession speed as a cloud beyond 


Figure 20-3 Galactic structure 
from 21-cm observations. The 
lines connecting the dots are from 
radio data; these trace out a 
spiral-arm structure. The uncon- 
nected dots within the box are op- 
tical spiral-arm tracers, such as 
H II regions. (Adapted from a di- 
agram by H. Weaver) 
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the tangent point. The ambiguity is difficult to re- 
solve with certainty. 


@ The Galactic Distribution of Gas 


Neutral hydrogen is concentrated in the galactic 
plane. If we define the thickness of the gas layer as 
the distance from the galactic plane to the half-den- 
sity point (where the number density falls to half 


_ the value found at the galactic plane, or galactic 


latitude b = 0°), then the thickness of the hydrogen 
layer is observed to range from 80 to 250 pc. The 
smaller value refers to the region between the Sun 
and the galactic center. The thickness increases to 
250 pe at the spiral arms near the Sun (R = Ro), 
flares out to several hundred parsecs for R > Ro, 
and reaches almost 2 kpc at R = 30 kpc. The galac- 
tic latitude distribution of neutral hydrogen (Figure 
20-4) has the gas layer very flat (near b = 0°) in 
the region R < Ro, while beyond R = Rog, the 
layer is bent in opposite directions (relative to 
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Figure 20-4 Warping of gas in the Galaxy’s disk. From 
21-cm observations, we see that the gas spreads out near 
the edge of the disk to a height of about 600 pc. (Adapted 
from a diagram by H. Van Worden) 


b = 0°) at 1 = 180°. This is the galactic warp, with 
a peak-to-peak displacement of some 3 kpc. 
Another way to view the H I distribution is to 
examine its volume density. Outside the solar circle 
(R = Ro), the density peaks between 12 and 14 kpc 
and then drops rapidly beyond R = 20 kpc (Figure 
20-5A). Within the solar circle, the distribution is 


M(m-> x 10-9) 


R (kpc) 
(A) 
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constant from R = 4 kpc. Most of the H I gas lies 
outside the solar circle—at least 80% of the total 
gas mass. The CO distribution does not in general 
follow that for H I. Observations indicate that the 
CO is densest 6 kpc from the Galaxy’s center (Fig- 
ure 20-5B). Outward from 8 kpc, the density of CO 
drops but the H I density stays roughly the same. 
The CO layer has a thickness of 125 pc. Because the 
CO indicates the presence of Hz, we infer that 
within the Sun’s distance from the Galaxy’s center, 
about 93% of the hydrogen exists as H2. In contrast, 
outside of the solar circle, the hydrogen takes the 
form of H I. 


The Galactic Center Region 


If the gas motions were perfectly circular, there 
would be no observed radial velocities (Doppler- 
shifted line profiles) near 1 = 0°. The distances to 
such gas clouds would be indeterminate because 
the expected 21-cm line profile is a single peak at 
zero radial velocity. Nevertheless, the gas structure 
in the region may be approximated by extrapo- 
lating the features seen at longitudes flanking 
1 = 0°. 


Relative Amount 


Figure 20-S_ Gas distribution in the Galaxy’s disk. (A) Volume density of H I as a func- 
tion of distance. (B) Relative density distribution of CO. (Adapted from a diagram by M. 


Gordon and B. Burton) 
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The 21-cm line profiles observed within a few 
degrees of the galactic center are extremely com- 
plex, largely because of peculiar geometric and ve- 
locity perturbations. The major feature seen is a 
sharp peak at —50 km/s, which reveals material 
moving outward from the galactic center; this 
makes up the expanding, or 3-kpc, arm. Within 
2000 pc of the center lies a thin gaseous disk tilted 
40° with respect to the galactic plane. The disk has 
a thickness of 100 pc and a maximum rotational ve- 
locity of 360 km/s. It contains 107Mo of H I and 
has a central bar. In one respect, the molecular dis- 
tribution here follows that of H I; it shows the same 
tilted disk structure in the innermost part of the 
Galaxy. The disk contains 10? to 10!°Mo of Hz. The 
total mass, determined from the rotation of matter 
outside the disk, is only a few times 10!°Mo. 


@® High-Velocity Hydrogen Clouds 


Chapter 19 showed that stars that move in higher 
eccentric orbits about the galactic center appear to 
us as high-velocity stars. The 21-cm profiles at high 
galactic latitudes (|b| = 10°) reveal hydrogen struc- 
tures far from the galactic plane. This gas is dis- 
tinctly distributed in the form of discrete clouds 
that fall into three velocity categories: (a) the high- 
velocity clouds with velocities (relative to the 
Sun) of 70-120 km/s, (b) the intermediate-velocity 
clouds with velocities in the range 30-70 km/s; 
and (c) the very-high-velocity clouds with veloci- 
ties greater than 120 km/s in the negative galactic 
latitudes between J] = 0° and / = 180°. Nearly all 
these clouds exhibit radial velocities of approach 
(negative), and they appear to be concentrated near 
I = 120° and b = 40° (they occur in the regions 
I = 60 to 200° and b =10 to 80°). 

Interpretations of this fast-moving gas have 
been the subjects of intense debate, which has yet 
to be resolved. The most prominent feature of the 
high-velocity H I is called the Magellanic Stream. 
It envelops the Magellanic Clouds (two companion 
galaxies to the Milky Way; Chapter 23) and runs 
as a long filament close to the southern galactic 
pole and then into the galactic plane near / = 90°. 
About 30° from the pole, the streams break into 
cloud fragments—the tip of which may appear as 
the high-velocity clouds mentioned earlier (Figure 
20-6). Most models view the stream as a thread of 
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gas pulled from the Magellanic Clouds by a tidal 
interaction with our Galaxy. 


20-2 
THE DISTRIBUTION OF STARS 
AND GAS IN OUR GALAXY 


We can distinguish populations in the Galaxy in 
terms of ages, metal abundances, and kinematics. 
We will stick with the basic division between Pop- 
ulations I and II, but keep in mind that this ap- 
proach is too simple. Unfortunately, the traditional 
subdivisions are inconsistent for historic reasons. 
You can find them in Table 20-1 for reference. The 
astronomical classification of stellar populations is 
currently undergoing a revolution. We guess that 
most astronomers use the traditional scheme as 
given in Table 20-1. We try in this text to move 
away from it in a gradual manner. The key point 
is that metallicity relates to age—younger objects 
have a higher metal abundance. The confusion 
arises because objects inhabiting similar parts of 
the Galaxy are now known to have different 
metallicities. 

The metal abundance of stars is an indicator of 
the degree of heavy-element enrichment of the gas 
out of which they formed. This metal abundance is 
not a smooth function of population, although this 


Magellanic 
Stream 


Figure 20-6 Schematic drawing of very-high-velocity 
clouds (VHVCs). The Magellanic Stream forms a bridge 
between the LMC and the SMC; it breaks up toward its 
tip. The region, close to the Galaxy, forms the VHVCs. 
(Adapted from a diagram by R.J. Cohen) 
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I TABLE 20-1] pie) Characteristics of Traditional Stellar Populations 


Population Group 


Older 
Population I 


Extreme 
Population I 


Interstellar dust Sun 
and gas Strong-line 
O and B stars stars 
Supergiants A stars 
Tenicaliahiens T-Tauri stars Me dwarfs 
yp J Young open Giants 
clusters Older open 
Classical Cepheids clusters 
O associations 
H II regions 
Characteristics 
(|z|), pe 120 160 
(|Z|), km/s 8 10 
Distribution Extremely patchy Patchy 
in spiral arms 
Age (10° years) <0.1 0.1 to 10 
Brightest stars =) -5 
(Myis) 
Concentration to None Little 
galactic center 
Galactic orbits Circular Almost 
circular 


Disk Intermediate Halo 

Population II Population II Population II 

Weak-line stars High-velocity stars Globular 

Planetary (Z > 30 km/s) clusters 
nebulae Long-period Extremely 

Galactic bulge variables metal-poor stars 

Novae (P < 250 days) (subdwarfs) 


RR Lyrae stars 
(P < 04 days) 


RR Lyrae stars 
(P > 04 days) 
Population II 


Cepheids 

400 700 2000 

17 25 75 
Smooth Smooth Smooth 
3 to 10 ~10 210 

-3 =8 =) 
Considerable Strong Strong 
Slightly eccentric Eccentric Highly eccentric 


was thought to be the case earlier. The stars called 
Extreme Halo Population II (Table 20-1) do have a 
very low metal abundance, as do some intermedi- 
ate Population II stars, but stars in the nucleus and 
some disk stars are metal-rich, perhaps because of 
an accelerated birth rate of massive stars early in 
the life of the Galaxy. Metal-rich is a relative term. 
The metal abundance of ordinary Population II 
stars is about 1% of the Sun’s, and for metal-rich 
Population II stars, this value may go up to 10% or 
higher. 

Recall that we determine ages from isochrones 
calculated by stellar interior models, and metal 
abundances from high-dispersion spectroscopy 
and stellar atmosphere models. Most modern mea- 
surements of metallicity are given in terms of the 
ratio of iron relative to hydrogen compared to 
Fe/H for the Sun: 


[Fe/H] = log(Nfe/Nu) = log(Nre/NH)solar (20-1) 


Spiral Arms: Spiral Tracers 


Neutral hydrogen and carbon monoxide emissions 
enable astronomers to trace out roughly the spiral- 
arm structure over a large portion of our Galaxy, 
but spiral arms also include all other objects of a 
young, metal-rich Population I. Because gas and 
dust are found together, both occur in the spiral 


‘arms of our Galaxy. The young T-Tauri stars are 


usually surrounded by the gas and dust from 
which they formed. These stars are not very lumi- 
nous, and even when they occur in groups, they 
cannot be seen to very great distances. We know 
that they are good examples of Population I, but 
they are not good spiral-arm tracers because they 
have low luminosities. Because early-type stars are 
Population I, the young open clusters that contain 
these stars are also possible spiral tracers. In these 
clusters, few stars have evolved away from the up- 
per main sequence. 
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Massive stars evolve very rapidly and may be 
seen as main-sequence OB stars; they, too, may still 
be enveloped by the gas and dust from which they 
formed. The ultraviolet radiation from such stars 
ionizes the surrounding gas, rendering it visible as 
an H II region [Section 15-2(B)]. H II regions are 
usually luminous, for they characteristically in- 
clude several bright, hot stars whose ultraviolet ra- 
diation is converted to visible light. H II regions 
and the OB associations exciting them are Popula- 
tion I objects and are tracers of spiral structure (Fig- 
ure 20-7A). The radio recombination lines [Section 
15-2(B)] from H II regions allow us to determine 
their radial velocities and also their distances. Such 
velocities can then be used in the same manner as 
the 21-cm line velocities to delineate the spiral 
structure, making possible a more complete com- 
parison between the distributions of H I and H II 
regions. The spiral-arm patterns delineated by H I 
and H II are roughly similar, but a marked differ- 
ence appears in the large-scale distribution, for 
H II attains its greatest concentration closer to the 
galactic center than does the neutral hydrogen. 


(A) 
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The best current tracers of spiral arms are the 
GMCs, from which massive stars are born. Their 
millimeter-line emission is Doppler-shifted by ra- 
dial motions, and so their locations can be deter- 
mined in a way similar to that of H I. Surveys 
strongly delineate some of the Galaxy’s major spi- 
ral arms (Figure 20—7B). 


@ Stellar Populations: Galactic 


Disk and Halo 


Our Sun belongs to an old, metal-rich Population 
I. Although they are not strictly confined to the spi- 
ral arms, old Population I objects still lie fairly close 
to the galactic plane and have an inhomogeneous 
distribution throughout the Galaxy; they include 
clusters whose upper main-sequence stars have 
evolved to the giant and variable evolutionary 
stage. The older open clusters are prototypes of this 


(B) 


Figure 20-7 Spiral arms in the Galaxy. (A) Spiral struc- 
ture based on Population I spiral tracers. Indicated are 
the positions of H II regions from optical (circles) and 
radio (squares) observations. (Adapted from a diagram by 
Y.M. Georgelin, Y.P. Georgelin, and ]-P. Sivan) (B) Spiral 
arms based on CO observations of GMCs. The mass of 
each cloud is indicated by the size of the symbol. Note 
three well-defined arms: Carina, Perseus, and Sagittar- 
ius. (Based on observations by R.S. Cohen, D.A. Grabelsky, 
J. May, L. Bronfman, H. Alvarez, and P. Thaddeus) 
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population. These objects (along with gas) make up 
the Galaxy’s thin disk. 

Metal-rich (Z ~ 25% solar) Population II stars 
constitute most of the total stellar mass of our Gal- 
axy, and they form the thick disk. Representative 
disk stars may lie quite far from the galactic plane. 
The quantity (|z|) is the mean stellar distance from 
the plane, and the related parameter (|Z|) is the 
mean of the stellar velocity components perpendic- 
ular to the galactic plane. The greater the perpen- 
dicular velocity component of a star, the greater the 
likelihood of that star’s being far from the galactic 
plane. For thick disk stars, (|z|) ranges from 400 to 
800 pc; «{\Z|) from 20 to 30km/s. Stars with 
[Fe/H] = —0.6 can reach as high as 2 kpc about the 
plane. These objects are distributed fairly smoothly 
and show no spiral structure. 

Enveloping the disk and spiral arms is the ga- 
lactic halo, which extends far above the plane but 
is still concentrated at the galactic center. Objects 
that lie in this domain are old, metal-poor and 
metal-rich Population II; these include the glob- 
ular clusters, field stars, and RR Lyrae stars. The 
orbits of these objects are highly eccentric, with 
large velocity components perpendicular to the ga- 
lactic plane. For example, the many metal-poor 
([Fe/H] < —1) globular clusters form a sphere 
around the Galaxy’s center. Their elliptical orbits 
bring them out to extreme distances of 10-12 kpc 
from the Galaxy’s nucleus. The clusters orbit at 
speeds of about 100-150 km/s, diving into and 
shooting out of the disk. These passages have 
helped to wipe globular clusters clear of any gas 
and dust they once had. In contrast, the metal-rich 
([Fe/H] > —1) globulars make up a disk-like dis- 
tribution with a scale height of ~1 kpc. Overall, the 
metal-poor stars in the halo have a distribution that 
is a flattened oblate spheroid with a ratio of major 
to minor axis of 0.6. 

The halo also contains gas, but much less than 
the disk. The neutral hydrogen shows up as the 
high-velocity clouds. Otherwise, the halo gas is ion- 
ized and extends to greater distances above and 
below the galactic plane than does the H I. We 
have observed the ionized gas in two forms: hot 
(80,000 K) and cool (10,000 to 20,000 K). The hot 
component has its greatest density at z from 1 to 3 
kpc and can be seen as far out as 10 kpc. In con- 
trast, the cool component has been seen only up to 
2 kpc. The cool component contains about ten times 
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more mass than the hot, but together they amount 
to only 1 or 2% of the gaseous mass in the disk. 
The halo must also contain other dark or faint 
objects, currently unobservable, making up the dark 
halo. This invisible component to the halo is needed 
to give the Galaxy its flattened rotation curve (Fig- 
ure 20-8) at large distances from the Sun. The total 
mass in the dark halo may be 2 X 10'4Mo. Low- 
mass main-sequence halo stars would be very hard 
to detect. Smaller objects similar to planets and as- 
teroids may also exist. Observations of the rotation 
curves of other spiral galaxies imply that they also 
have extensive, massive halos of dark matter. 
Astronomers generically call this invisible ma- 
terial dark matter. The problem: What is it? We 
don’t yet know, because the dark matter is so hard 
to detect. One clever observational project aims at 
detecting MACHOs—massive compact halo ob- 
jects—by using gravitational lensing. If a MACHO 
passes along the line-of-sight from the Earth to a 
distant star (say in the Magellanic Clouds), gravi- 
tational lensing will cause the star to brighten and 
dim in a few weeks with a characteristic signature. 
So far we have seen a few detected events, which 
imply that MACHOs make up some 20% of the 
halo’s mass. This result is tantalizing and frustrat- 
ing; the rotation curve tells us the mass is there, 
but we cannot see it. As you will see in Part 4, the 
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Figure 20-8 A model of the mass distribution of the 
Galaxy, as represented by rotation curves for each com- 
ponent. The Sun’s distance is assumed to be 8.5 kpc. The 
line marked “Total” should match the observed rotation 
curve. (Adapted from a diagram by P.C. van der Kruit) 
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mystery of the dark matter stands as one of the 
most vexing issues in astronomy today. 

Let’s quantify this concept. Consider the halo 
as a spherically symmetric mass distribution. 
M(r), the mass interior to 4, is related to the circular 
speed, u(r) by 


GM()/r2_ = v(r)?r (20-2) 
or 
M(r) = ro(r)?/G (20-3) 


Now apply the mass continuity equation to relate 
M(r) to the density distribution p(r): 


dM(r)/dr = 42r2p(r) 
Solve for p(r) to get 
pr) = (1/Amr?)[dM(r)/dr] 


Take v(r) = vo, a constant, and differentiate Equa- 
tion 20-3 with respect to r: 


dM(r)/dr = v92/G 
Substitute Equation 20-5 into Equation 20-4 to find 
p(r) = v92/4arGr? (20-6) 


The density distribution in the halo falls off as 
1/r2. What does this mean physically? If you pic- 
ture adding shells of matter to the halo, each shell 
has the same mass! So as far out as the rotation 
curve is flat, large amounts of mass are added to 
the Galaxy’s total. 


(20-4) 


(20-5) 


The Central Bulge and 
Galactic Nucleus 


Wide-angle pictures of our Galaxy (look back at 
Figure 14-1) show that it has a central bulge sim- 
ilar to that of other spiral galaxies. This bulge, 
which is about 2 kpc in radius, contains a mixture 
of heavy-element-enriched stars, especially late- 
type M giants, ordinary Population I K giants, and 
a few metal-rich RR Lyrae stars. IRAS observations 
at 12 um indicate that strong sources here are AGB 
stars. The bulge has a total mass of some 10!°Mo 
(Figure 20-8). 

At the very center of the bulge is the galactic 
nucleus, which is analogous to the stellar-like nu- 
cleus in M 31, the Andromeda Galaxy. Spectra of 
the Andromeda Galaxy’s nucleus show that it, too, 
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consists of metal-rich giants as well as a large num- 
ber of low-mass dwarfs. Infrared observations con- 
firm that such stars reside in the Galaxy’s nucleus; 
these and radio data also suggest the presence of 
very young M and O supergiants. Gas exists as mo- 
lecular clouds and H II regions. Motions of gas here 
suggest a high concentration of mass at the center, 
perhaps a black hole. In the very center of the Gal- 
axy lies a compact radio source less than 140 AU 
in diameter. 

The continuous radio emission from the nu- 
cleus shows that an intense radio source lies right. 
in the direction to the center, called Sagittarius A 
(Sgr A). Clustered around Sgr A and lying more or 
less along the galactic equator is a string of radio 
sources (Figure 20-9). When investigated at differ- 
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Figure 20-9 Radio map of the overall galactic center 
region; the two main regions are Sgr A and Sgr B. The 
observations were made at a wavelength of 3.75 cm. 
Most of this emission is thermal. (Adapted from a diagram 
by D. Downes, A. Maxwell, and M.L. Meeks) 
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ent radio wavelengths, these sources appear to 
have characteristics of H II regions. The total extent 
of this region is about 90 by 260 pc; and the ultra- 
violet energy output from the OB stars needed to 
keep the region ionized is at least 2 x 10°° W. 

Sgr A consists of a complex of sources: East, 
West, and A*. Sgr A East is a source of nonthermal 
radiation, usually interpreted as a supernova rem- 
nant. Sgr A West has a radio spectrum like an H II 
region. Within Sgr A West lies a nonthermal point- 
like radio source less than 0.1 arcsec in diameter 
that may well mark the core of the Galaxy; this is 
Sgr A*. The thermal emission of Sgr A West, from 
the inner 3 pc of the Galaxy, shows that the bulk 
of the radio emission lies along a ridge-like source 
at the galactic center (Figure 20-10) with a peculiar 
spiral-like structure. 

The galactic center region emits strongly at 
2.2 wm from the combined 2.2-um emissions from 
all the old Population I stars (probably mostly from 
K giants) that inhabit the galactic nucleus. The re- 
gion just around Sgr A is packed with 2.2-um 


Figure 20-10 High-resolution map of Sgr A 6cm and 
20cm by the VLA. The combination of the two wave- 
lengths brings out details (resolution 1.3 by 2.5 arcsec) 
and also diffuse emission. Note the spiral shape of Sgr 
A West, the thermal source, and the shell-like structure 
of Sgr A East, the nonthermal source. (W.M. Goss, R.D. 
Ekers, J.H. van Gorkom, and U.J. Schwarz; NRAO) 
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sources; this infrared cluster coincides with the 
ridge of radio continuum emission. One near-infra- 
red source, called IRS 16, may be the actual center, 
rather than Sgr A*. Observations of the same region 
around 10 wm (Figure 20-11) show the infrared 
emission from dust that is heated by the radia- 
tion from old Population I stars and from high- 
luminosity O stars; the condensations in the 
10-4m map are probably the locations of newly 
formed O stars. These regions have diameters of 
less than a few parsecs, the same size as compact 
H II regions. The combined luminosity from them 
in the range from 2 to 20 wm is roughly 10°Lo. Far- 
infrared observations have found that Sgr A emits 
more intensely at 40 to 300 ym than at 10 um, 
about 108Lo. This emission, too, probably comes 
from dust heated by OB stars. 

The infrared emission line at 12.8 4m produced 
by [Ne II] comes from ionized gas in the nucleus, 
and as for radio recombination lines, information 
about the core can be inferred from the Doppler 
shift of the line. These observations show that the 
ionized gas concentrates in a region about 1.5 pc in 
radius. The Doppler shifts indicate rotational mo- 
tions of around 200 km/s. These ionized zones are 
small, less than 0.5 pc in diameter, and contain a 
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Figure 20-11 Galactic center at 12.4 um. Each individ- 
ual source is numbered; note that none coincides with 
the position of Sgr A*. Resolution is 1.3 by 2.3 arcsec. 
(D.Y. Gezari, R. Tresch-Fienberg, G.G. Fazio, W.F. Hoffmann, 
I. Gatley, G. Lamb, P. Shu, and C. McCreight; NASA) 
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Figure 20-12 Schematic diagram of the gas and dust 
in the central 10 pc of the galactic center. The solid con- 
tours show the 2-cm thermal continuum. The dotted con- 
tours are those of far-infrared emission from warm dust. 
The galactic plane has tick marks every parsec. The po- 
sition of Sgr A* is indicated within Sgr A West. (Adapted 
form a diagram by M.K. Crawford, R. Genzel, A.I. Harris, 
D.T. Jaffe, J.H. Lacy, J.B. Lugten, E. Serabyn, and C.H. 
Townes) 


few solar masses of ionized material. They appear 
to orbit around the galactic center on an axis tilted 
45° to the main rotational axis of the Galaxy. So the 
galactic core contains, within the Sgr A molecular 
cloud complex, a disk of rotating ionized gas (Fig- 
ure 20-12). 

The Einstein X-Ray Observatory has made 
an X-ray image of the galactic center region. It 
shows modest X-ray emission at wavelengths be- 
low 0.6 nm within 100 pc of the galactic center. This 
emission consists of a complex of weak sources 
(1027-1028 W) embedded in a weaker halo of dif- 
fuse X-ray emission (Figure 20-13). The discrete 
sources lie along a ridge just south of the galactic 
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Figure 20-13 X-ray emission from the galactic center. 
(A) This schematic map shows discrete sources (circles) 
and diffuse emission (contour lines). The cross marks are 
the center of the diffuse emission. (B) A computer-en- 
hanced image of the X-ray emission. (Observations by M. 
Watson, R. Willingale, ]. Grindley, and P. Hertz) 
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equator, in the same location as the cluster of in- 
frared sources. The diffuse emission comes from 
hot, coronal gas. 

Finally, gamma rays from the nucleus have 
been detected. In particular, a line has been ob- 
served with an energy of 511 keV and a luminosity 
of 103! W, which is attributed to electron—positron 
annihilation. The source changes luminosity over 
time. The emission appears to come from a source 
that has a diameter of less than 0.3 pc and is located 
close to but not at the galactic center. 


@ The Distribution of Mass 
in the Galaxy 


Keep in mind that the neutral and ionized hydro- 
gen gas represents only a small fraction of the total 
mass of the Galaxy—only 5-10%. On the average, 
approximately 1% of all the hydrogen is ionized, 
but the percentage varies with distance from the 
galactic center. For instance, there is a ring of ion- 
ized gas beyond the galactic bulge at about 4 kpc, 
and in this region the concentration of ionized hy- 
drogen is about 10%. 

The total mass of the Galaxy can be deter- 
mined, to a first approximation, on the assumption 
that the Sun moves in a circular Keplerian orbit 
about a point mass; such calculations lead to a 
value of 1.5 xX 10!!Mo. However, recent rotation 
curves show a rise in the rotational velocity to 
300 km/s at 20 kpc. This rotation curve implies a 
mass of 3.4 X 10!!Mo interior to 20 kpc. So at least 
as much mass lies exterior to the solar circle as in- 
terior to it. The Galaxy has a massive halo of non- 
luminous matter, the form of which is currently 
unknown. 

The nucleus may hold the densest concentra- 
tion of mass in the Galaxy (Figure 20-14). Recall 
that radio and infrared line observations show 
rapid rotational motions near the Galaxy’s core. 
The rotational velocities increase closer to the core, 
where they are so high that a huge mass is needed 
to hold all that rapidly moving gas together. To 
account for the rapid rotation requires a mass in 
the core of a few million solar masses—all lumped 
together in a region only 0.04 pc in diameter. 


Concept Applicat 


The infrared line observations imply rotational ve- 
locities of about 200 km/s at a radius of 10'€ m. Ap- 
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Figure 20-14 Mass distribution in the center of the Gal- 
axy, under the assumption of circular rotation. The filled 
circle at 05 pc is for the Northern Arm. The large open 
circle (within the error box) is an estimate from the width 
of the He I 2-ym line. Other symbols (outward from cen- 
ter) are: triangle, from [Ne II]; filled circle, highest veloc- 
ity [Ne II]; filled circles from other line observations, such 
as [O J], [C II], and CO. Filled circles at distances >100 
pc are from 21-cm rotation curve observations. (Adapted 
from a diagram by J.B. Lugten, R. Genzel, M.K. Crawford, 
and C.H. Townes) 


ply the argument used for pulsars, in which a ro- 
tating spherical mass just holds together by its own 
gravity: 
Veq = (GM/R)!/2 
where Vq is the velocity of the object’s equator. 
Solve this equation for the mass: 
M = RV,,7/G 

_ (1016 m)(200 x 103 m/s)? 

~ (67 X 10 N - m?/kg?) 

= 6 X 10%kg = 3 X 10° Mo 


What form might this mass have? One possi- 
bility is that it is locked up in a central point mass 
(a supermassive black hole) of 2 to4 X 10°Mo. Or, 
it may be tied up in a very dense star cluster within 
2 pc, with about 10°Mo. Indirect support for a 
black hole comes from observations that a few 
other galaxies may have a similar mass concentra- 
tion in their nuclear regions. 


20-3 
EVOLUTION OF THE GALAXY’S 
STRUCTURE 


Why do galaxies such as ours exhibit a spiral struc- 
ture? How stable are the spiral arms? Spiral struc- 
ture may arise from a perturbation, so that some 
density irregularly is pulled into a spiral form by 
the differential galactic rotation. The difficulty with 
this explanation is that such a feature is expected 
to persist for only a short time (about 5 x 108 
years) before being pulled apart again by the dif- 
ferential rotation. An additional problem is that the 
initial spiral-like distortion would not extend over 
the entire galaxy but would occupy only a small 
part of it. Yet we observe spiral structure through- 
out the entire plane of a galaxy, and such spiral 
galaxies are sufficiently common to suggest that 
they are in fact stable. 


Density-Wave Model 
and Spiral Structure 


The most promising approach to this problem is 
the density-wave model developed by C. C. Lin, 
Frank Shu, and others. The spiral structure of a gal- 
axy is regarded as a wave pattern resulting from 
gravitational instabilities. The density wave moves 
through the stellar and interstellar material as a 
configuration whose shape stays fixed. It rotates at 
a speed less than that of the material speed of ga- 
lactic rotation. The presence of a density wave 
means that the distribution of mass is nonuniform; 
therefore, the gravitational potential varies over the 
galactic disk. Stars and gas are concentrated in the 
regions where the gravitational potential is low, 
and these mass concentrations in turn influence the 
orbits of other stars and clouds of gas. 

The density wave is a self-sustained phenom- 
enon and is stable. The spiral pattern produced by 
the density wave is not tied to the matter but in- 
stead moves through it. According to this idea, the 
angular velocity of the pattern may differ appre- 
ciably (by a factor of one-half) from that of the ma- 
terial. Hence, stars formed from the gas and dust 
concentrated at the arms eventually migrate out of 
the arms. Gas concentrated near the potential min- 
imum largely defines the spiral arms; this is ever- 
changing gas, for some is consumed in star for- 
mation and some is ejected from stars by some 
mode of mass loss. Stars traveling in orbits that dif- 
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fer greatly from circular orbits experience rapidly 
varying gravitational attractions. Density waves 
certainly influence their motions, but not system- 
atically, and therefore no structure will persist for 
these eccentric-orbit stars. 

The density-wave model assumes that a two- 
armed, spiral density wave sweeps through the ga- 
lactic plane, but the model does not yet explain the 
wave’s origin or long persistence. The gas in the 
disk piles up at the back of the wave. The buildup 
of pressure and density heats up the gas suddenly 


‘so that a shock wave forms along the front of the 


density wave. This shock may initiate the collapse 
of the clouds to form giant molecular cloud com- 
plexes, which in turn form young stars and H II 
regions. Such squeezing also helps to make dust 
out of the gas, and a thin dust lane forms along the 
shock front. The compression of the interstellar me- 
dium by the density wave forms the features as- 
sociated with a spiral arm. During the short life- 
times of the newly formed OB stars, the density 
wave moves only a short distance. So these stars, 
while they last, clearly mark the spiral arm. As the 
density wave moves on, it provokes the formation 
of more stars. These take the place of the ones that 
have rapidly faded out. So the spiral arms persist 
by a continual destruction and creation maintained 
by the density wave. 

How well does the density-wave model de- 
scribe the observed spiral structure? First, it out- 
lines the grand scheme of two- and four-armed spi- 
ral patterns that we observe in other galaxies and 
probably in our own. Second, it explains the per- 
sistence of the spiral arms in the face of galactic 
rotation. Third, it predicts the general features of a 
spiral arm. So the density-wave model succeeds 
fairly well in explaining the prominent features of 
spiral structure. However, the model fails on a 
number of points. It does not explain the origin of 
the density waves. Nor does it clearly work out 
what keeps them going. As the density waves rip- 
ple through the interstellar medium, they lose en- 
ergy and should dissipate in about 10° years. As 
evidenced by the abundance of spiral galaxies, 
however, they must last longer than this. Some 
mechanism must keep supplying energy to main- 
tain them. 


@ The Galaxy's Past 


We now try to place the Galaxy’s present structure 
into the context of its history. The crucial clues 
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come from the chemical composition of galactic 
material and its dynamics. The process of galactic 
evolution links the chemistry with the dynamics. 

The chemical compositions of Population I and 
Population II stars differ considerably in their 
abundances of heavy elements. In general, Popu- 
lation II stars contain about 1% of the metal abun- 
dance of Population I stars. However, we do not 
find a simple division of metal abundances into just 
two groups. Rather, we find a range of abundances, 
from about 3 to less than 0.1% for the mass ratio 
of iron to hydrogen. So, even though the division 
into two populations is a useful first approxima- 
tion, there is really a continuous range of popula- 
tions. In general, although not for all objects, the 
lower the metal abundance of an object, the greater 
its height from the Galaxy’s disk. 

Interpretation of this observation relies on a ba- 
sic concept of the recycling of the interstellar me- 
dium. First, stars are born from clouds in this me- 
dium. Their atmospheric elemental abundances 
reflect that of the gas from which they formed. Sec- 
ond, stars’ orbital motions about the Galaxy are in- 
herited from their parent gas and dust clouds. 
Third, massive stars evolve quickly and spew back 
into the interstellar medium material enriched with 
heavy elements. As long as new stars, especially 
massive ones, are born, the abundance of heavy el- 
ements in the interstellar medium of the disk grad- 
ually increases as the Galaxy ages—basically as a 
monotonically increasing function of time in the 
simplest model. 

We can estimate the Galaxy’s age by finding 
the oldest stars in the halo. A comparison of theo- 
retical models for metal-poor globular cluster stars 
with their H-R diagrams indicates an oldest age of 
17 billion years. Because globular clusters contain 
the oldest stars associated with the Galaxy, the halo 
marks the fossil remains of the Galaxy’s birth. 
Within it, globulars orbit the Galaxy on extremely 
elongated elliptical paths, moving slowly through 
the halo at the outer extremes of their orbits and 
only briefly whipping in and around the nucleus. 
These stars exhibit the motions of the cloud from 
which they were formed. So the Galaxy must have 
been born from an initially huge gas cloud—at 
least 100 kpc in radius. 

If we apply the virial theorem to the collapse 
of a cloud to make a galaxy, we have 


Tyirial = GMm,/kR 
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where Tyiria) is the expected virial temperature, M 
is the total mass, R is the initial radius, and m p is 
the mass of a proton (the gas is assumed all hy- 
drogen). In units convenient for galaxies, 


Tyiriat ~ 10° My2/Rs0 


where Tyiriat is in kelvins, R is in units of 50 kpc, 
and M is in 10!2Mo. In these units, Tyiria) ~ 10° K; 
in fact, the Galaxy’s disk is much colder than this 
value, so that energy must have been lost in the 
collapse. 

We can estimate the time scale for collapse 
from the free-fall time (Equation 15-10), 


tee = (6.64 X 104)/p9'/? ~ 10°/p9'/? 


in seconds for a density in kilograms per cubic me- 
ter. Rapid collapse is that taking place in the free- 
fall time. To lose the required energy, the cooling 
time must equal the free-fall time. For 10!2Mo with 
an initial radius of 100 kpc, then 


tee © 105/po}/2 Pe, 105/(10-22 kg/m?)!/2 
~ 10% 5s ~ 108 years 


This proto-Galaxy cloud was probably turbulent, 
swirling around with random chuming currents. 
Slowly at first, then faster, the cloud’s self-gravity 
pulled it together, with its central regions getting 
denser faster than its outer parts. Throughout the 
cloud, turbulent eddies of different sizes formed, 
broke up, and died away. Shock waves were gen- 
erated in the collapse, to dissipate energy. Even- 
tually, the eddies became dense enough to contain 
sufficient mass to hold themselves together. These 
might be hundreds of parsecs in size—incipient 
globular clusters. This process happened 17 billion 
years ago, and it took place quickly—no more than 
2 billion years elapsed during the formation of halo 
stars. 

Early results from Hipparchos suggest that this 
chronology may be revised. Distances to globular 
clusters may be short by 10 to 15%; hence, their 
stars are more luminous. By the M—L relation, 
these stars must be younger—some 13-14 Gy 
rather than 16-18 Gy. 

Not all the gas was consumed in this first burst 
of globular cluster formation. As the material con- 
tracted further, it fell slowly into a disk. Because 
the original cloud had a little spin, conservation of 
angular momentum required that it spin faster 
around its rotational axis as it contracted. As the 
disk formed, its density increased, and more stars 
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formed. Each burst of star birth left behind repre- 
sentative stars at different distances from the pres- 
ent disk. Finally, the remaining gas and dust settled 
into the narrow layer we see today. Somehow den- 
sity waves appeared and drove the formation of 
spiral arms. During this time, massive stars man- 
ufactured heavy elements and blew some back into 
the interstellar medium. So as stars were born in 
succession, each later type had a greater abundance 
of heavy elements. That enrichment continues to- 
day in the disk of the Galaxy. 


20-4 
COSMIC RAYS AND GALACTIC 
MAGNETIC FIELDS 


More than gas and dust fills the interstellar me- 
dium. There are also particles, as photons and as 
matter, traveling at high speeds. The near-relativ- 
istic matter makes up the cosmic rays, which are 
intimately bound up in the Galaxy’s magnetic field. 


Observations of Cosmic Rays 


Before we can discuss the role of cosmic rays in 
our Galaxy, we must examine their characteristics. 
They are not rays at all but rather high-energy 
charged particles. These particles may be nuclei of 
atoms whose electrons have been stripped away, 
or they may be electrons or even positrons. They 
are called cosmic rays when they travel at essen- 
tially the speed of light; in general, they possess 
large kinetic energies—up to 102° eV. As you saw 
in Chapter 10, our Sun ejects low-energy (tens to 
hundreds of MeV) cosmic rays in flares. The Sun 
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also modulates those cosmic rays coming from out- 
side the Solar System; the interplanetary magnetic 
field and the solar wind severely distort the orbits 
of particles with energies of less than 1 GeV. The 
amount of modulation varies with solar activity, 
and the modulation obscures the intrinsic proper- 
ties of low-energy galactic cosmic rays. We do 
know, however, that the number of particles in- 
creases rapidly with decreasing energy. Most of the 
observational data on extra-Solar-System cosmic 
rays pertain to particles having energies in excess 
of a few GeV. Energies as high as 107° eV have 
been observed for single particles, but these are ex- 
tremely rare. 

The chemical composition of primary cosmic 
rays (Table 20-2) gives us information on both their 
source and their journey through space. As in stars, 
hydrogen nuclei (protons) are by far the most 
abundant component, constituting about 90% of all 
cosmic-ray nuclei. Another 9% are helium nuclei, 
and the remainder is divided among heavier ele- 
ments. Much interest centers on the so-called light 
nuclei—lithium, beryllium, and boron. These nuclei 
are virtually absent in stellar atmospheres, where 
their abundance is 10~” that of helium, while 
among cosmic rays the light-nuclei-to-helium ratio 
is about 1:100. The much greater proportion of such 
nuclei among cosmic rays is attributed to the fact 
that the original heavy cosmic rays collide with in- 
terstellar matter. During such collisions, the heavy 
nuclei break up into lighter ones; this process is 
termed spallation. Observations of the light, and 
therefore secondary, nuclei enable us to estimate the 
amount of material traversed by the original cos- 
mic rays. The density of the interstellar medium 
and the lifetime of cosmic rays are inexorably 


PTABLE 20-2] yim) Primary Cosmic Rays 


Average Atomic Intensity 
Particle Group Charge Weight (#/m? s sr) 
Protons 1 1 1300 
Alpha particles (*He, *He) 2 4 94 
Light nuclei (Li, Be, B) 3-5 10 2 
Middle nuclei (C, N, O, F) 6-9 14 6.7 
Heavy nuclei 210 31 2 
Very heavy nuclei 220 51 0.5 


408 Chapter 20 


linked. Current data suggest an average density of 
interstellar matter roughly 10° atoms/m? and a 
mean lifetime of cosmic rays from a few million to 
some tens of millions of years. 

From what directions do cosmic rays come? 
Observationally, they appear to come more or less 
uniformly from all directions; they are isotropic. 
This phenomenon is not necessarily from a random 
spatial distribution of the cosmic-ray sources but 
probably arises because galactic magnetic fields de- 
flect cosmic rays to such an extent that they cannot 
travel in straight paths. In fact, these high-energy 
particles travel along the magnetic lines of force in 
spiral paths, whose size is determined by both the 
magnetic field strength and the particle energy. 


@ The Source and Acceleration 
of Cosmic Rays 


If cosmic rays arrive at the Solar System isotropi- 
cally, how can we locate and identify their sources? 
One clue is the high energy of the particles; we 
should look for highly energetic phenomena. We 
have more direct evidence concerning the sources, 
however, for one component of cosmic rays is elec- 
trons, which represent about 1% of all cosmic-ray 
particles. Cosmic-ray electrons have been observed 
directly. The fact that positrons (positive electrons) 
are only one-tenth as numerous indicates that these 
electrons are primary particles and not secondaries 
as the light nuclei are. This conclusion is based 
on the fact that, because of charge conservation, 
more positrons than electrons are produced when 
primary cosmic-ray protons collide with interstel- 
lar atoms. 

We already know that high-energy electrons 
are observable from a distance, for they emit syn- 
chrotron radiation at radio frequencies when they 
move in a magnetic field. As you saw in Chapter 
18, supernova remnants, such as the Crab Nebula, 
are strong sources of synchrotron radiation from 
relativistic electrons. Moreover, supernovae gener- 
ate energy on a scale sufficient to produce cosmic 
rays. Other sources of cosmic rays may be rotating 
neutron stars, such as those observed as pulsars. 

The lifetime of cosmic rays in the Galaxy is lim- 
ited; some escape from the Galaxy altogether, and 
others are consumed by interactions with the inter- 
stellar medium. The supply of cosmic rays must be 
steady and continuous if the energy density and 
the total energy in them are to remain more or less 
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constant. Supernovae can indeed maintain the sup- 
ply if supernova explosions occur every 50 years in 
the Galaxy. Statistics based on the observations of 
supernovae in other galaxies suggest that this is a 
reasonable estimate of the frequency of supernova 
outbursts. A possible additional source of cosmic 
rays is the galactic nucleus, which appears to be a 
strong source of synchrotron radiation. The highest- 
energy cosmic rays (over 10/8 eV) may well come 
from outside our Galaxy—that is, from the extra- 
galatic radio galaxies and quasars that are observed 
to generate such enormous amounts of energy 
(Chapter 24). 

Charged particles must be powerfully acceler- 
ated if they are to attain the energies or velocities 
observed for cosmic rays. Most of this acceleration 
occurs in the shock wave from a supernova explo- 
sion as it drives through the interstellar medium. 
Regions in interstellar space where magnetic field 
lines converge are very efficient in accelerating 
charged particles to produce cosmic rays. 


The Galactic Magnetic Field 


The existence of a galactic magnetic field is proved 
by the observation of the Faraday rotation of ra- 
diation from radio sources; such radio sources in- 
clude galactic sources such as pulsars (Chapter 17) 
and extragalactic sources. Faraday rotation is the ro- 
tation of the plane of polarization as linearly po- 
larized radiation passes through a magnetized 
plasma [Section 17—2(B)]. If the electron density 
and the distance traversed are known, we can solve 
for the mean magnetic field strength. The best cur- 
rent estimates of the galactic magnetic field 
strength are about 0.5 nT. Before the observations 
of Faraday rotation, a galactic magnetic field had 
already been surmised to exist, both on the basis 
of interstellar polarization observations (Chapter 
15) and from cosmic-ray data. 

Another probe of the galactic magnetic field in- 
volves the Zeeman effect in 21-cm absorption lines 
by interstellar clouds along the line-of-sight to 
strong radio sources. For hydrogen in the ground 
state, the magnetic field splits the line into three 
components, and the frequency difference between 
two of these (of opposite circular polarization) is 
directly proportional to the magnetic field strength 
along the line-of-sight: 


Av = (2.80 X 102)B (Hz) 


where the field strength is in teslas. Such observa- 
tions are consistent with those from Faraday rota- 
tion and range from about 0.1 to 1.0 nT. 

The orientation of the magnetic field with re- 
spect to the spiral structure is primarily along the 
axes of the spiral arms. Superimposed on this mean 
field is a local field in our vicinity, which domi- 
nates most of the observations, making it difficult 
to ascertain the true nature of the general field. Lo- 
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cally, within 500 pc of the Sun, the field seems to 
have a turbulent, possibly helical form, with the 
mean magnetic axis along the spiral arm. Because 
cosmic rays travel in spiral paths about magnetic 
field lines, they are closely tied to the galactic mag- 
netic field. Where the field lines converge, the par- 
ticles are accelerated, as occurs in the Earth’s mag- 
netosphere for charged particles from the Sun. 


| Key Equations & CbI Equations & C hcepts | 


Metallicity 
[Fe/H] = log(Nre/Nu) os log(NFe/Nu)solar 


Density distribution in halo (for flat rotation curve) 


p(r) = v9*/4Gr2 


Probie 


1. The following sketch shows the distribution of the 
neutral hydrogen maxima in the spiral arms of our 
Galaxy; the position of our Sun is denoted by O. 
Draw the 21-cm line profiles you would expect to 
observe in the directions ] = 50°, 100°, and 230°; la- 
bel the points on these profiles corresponding to the 
spiral arms. (Hint: Do not make any detailed calcu- 
lations of radial velocity; just make certain that the 
signs of the velocities and the relative positions of 
the peaks are correct.) 


230°. 


110° 


1 = 50° 


Virial temperature 


Tyirial = GMm,/kR 


2. Name three important physical characteristics that 
distinguish Population I stars from Population II 
stars. Explain these differences in terms of the evo- 
lution of our Galaxy. 


3. The objects that constitute our Galaxy are usually di- 
vided into five major population classes. 
(a) What are these classes? 
(b) Give an example of an object from each class. 
(c) Draw an edge-on view of our Galaxy, indicating 
the spatial distribution of each of the five classes. 
Label your diagram carefully. 


4. (a) What would be the apparent magnitude of a star 
like our Sun if it were at the distance of the ga- 
lactic center (8.5 kpc) from the Sun? 

(b) The Milky Way Galaxy contains 4 x 10! stars. 
If we assume that all these stars are like our Sun 
(Mg = 4.7), what is the absolute magnitude of 
the whole Galaxy? Compare this result with the 
apparent magnitude of the Sun. 


5. When a particular globular cluster is at its farthest 
point from the galactic center (apogalacticon), its dis- 
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tance from the center is 104 pc. What is its period of 
galactic revolution? What assumptions must you 
make to arrive at a unique answer? Can you give any 
physical justification for your assumptions? (Hint: 
1 pc = 2 X 105 AU. Assume that the mass of the 
Galaxy is 10!2Mo.) 


. We can deduce the average time between stellar col- 
lisions by considering the following figure. If we 
have identical stars of radius R scattered through 
space with a mean number density N (stars per unit 
volume), then a star moving with speed V will sweep 
out the volume 7R?V per unit time. The average 
number of stars in this volume is 7R2VN, so that in 
the time T = 1/mR2VN, the star will collide with one 
other star (on the average)! The average distance be- 
tween each collision is just L = VT = 1/7R2N; this 
is called the mean free path. In each of the following 
situations, compute the mean collisional time and the 
mean free path for 
(a) the solar neighborhood, where V = 20 km/s and 
N= 0.1/pce3; consider stars of radius R = Ro 
(b) a galactic nucleus, where V = 1000 km/s and 
where there are 10° stars (of radius R = 10Ro) 
within a sphere of radius 5 pc. Comment briefly 
on your results. 


7. The 21-cm line of H I gas has a rest frequency 


of 1.420406 GHz. A cloud at b = 0°,/] = 15° has 
an observed 21-cm emission line frequency of 
1.420123 GHz. Use Figure 19-10 to determine, ap- 
proximately, two possible distances to the cloud. As- 
sume only circular motion about the galactic center. 


. The following maximum velocities [relative to the 
Local Standard of Rest (LSR)] of H I gas are observed 
using the 21-cm emission along the lines-of-sight 
corresponding to the given galactic longitudes: 
(i) 123 km/s, | = 15°; (II) 95 km/s, | = 30°; (iii) 64 
km/s, | = 45°; (iv) 29km/s, | = 60°; (v) 75 km/s, 
| = 75°. Assume circular motions along the galactic 
center. 
(a) Compute and draw a rough plot of the rotation 
curve of the inner part of the Galaxy (R < Ro) 
using these data. 
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10. 


11. 


12. 


13. 


(b) Using the approximation that the mass distribu- 
tion in the inner part of the Galaxy is spherically 
symmetric, determine the mass interior to the 
Sun/’s orbit, in solar masses. 

(c) Using the same approximation, how does the 
mass density depend on R between about 6 and 
8.5 kpc from the galactic center? (Give a rough 
proportionality.) 


. A bright radio source has several 21-cm absorption 


lines caused by neutral hydrogen clouds along the 
line-of-sight. Discuss qualitatively how observations 
of the Doppler shifts of the lines can be used to es- 
timate a lower limit to the distance to the radio 
source. Under what circumstances would this limit 
not possess the ambiguity caused by two distances 
along the line-of-sight having the same radial 
velocity? 


Expanding gas rings are thought by some astrono- 
mers to be evidence of violent explosions near the 
center of the Galaxy. 

(a) Calculate the kinetic energy of the 3-kpc arm, 
which is thought to contain about 10®Mo of gas 
expanding at about 50 km/s. 

(b) Astronomers also believe that there is a ring 
of molecular gas of mass 107Mo expanding at 
150 km/s at a distance of 200 pc from the galactic 
center. Calculate its kinetic energy. 

(c) Compare the energies already calculated with 
that of a single supernova explosion. Comment. 


Confirm the calculation in Section 20-3 for the free- 
fall time for the proto-Galaxy. 


Speculate on how one might indirectly observe 
cosmic-ray electrons in our Galaxy. Do the same for 
cosmic-ray protons. (Hint: Ask how such high-energy 
particles might produce radiation.) Such measure- 
ments indicate that cosmic rays are present through- 
out the Galaxy and even in the halo! 


The observed spiral pattern in our Galaxy is not pro- 
duced by differential rotation “winding up” the 
arms. To demonstrate this, use the rotation curve in 
Figure 20-8 to estimate how long it would take for 
differential rotation to smooth out the distinct spiral 
pattern. 

(a) What is the revolution period for a star at R = 
5 kpc; for the Sun at R = 8.5 kpc; for a star at 
R = 20kpc? 

(b) How long would it take for the star at R = 5kpc 
to make one more revolution than the Sun 
around the center of the Galaxy? This section of 
the spiral arm would thus be “wound up one 
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turn” from its original shape. [Hint: See Section 
1-1 on the relationship between sidereal and syn- 
odic periods. Use a similar approach.] 

(c) How long would it take for the Sun to make one 
more revolution than the star at R = 20kpc 
around the center of the galaxy? 

(d) Compare your results in (b) and (c) with the age 
of the Galaxy. Argue why the spiral pattern must 
be generated by some mechanism other than dif- 
ferential rotation. 


Using Figure 20-4, estimate the mass of the Galaxy 

in the (i) bulge; (ii) disk; (iii) dark halo; and (iv) total, 

interior to a galactic radius of 

(a) 3kpc 

(b) 8.5kpc (the Sun’s distance from the galactic 
center) 

(c) 20 kpc 

Comment on the mass distribution in the Galaxy, 

particularly in regard to luminous and dark matter. 


15. 


16. 


17. 
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Section 20-2(B) describes stars as being metal-poor 
if the metallicity [Fe/H] < —1, and metal-rich if 
[Fe/H] > —1. Calculate the relative abundance 
Nre/Ny for the critical value [Fe/H] = —1. (Hint:See 
Table 10-1.) 


(a) The nonthermal radio source Sgr A*, which may 
mark the Galaxy’s core [Section 20-2(C)], is less 
than 0.1" in size. What is its corresponding linear 
size? 

(b) From the timescale of variation in the gamma-ray 
luminosity of the galactic nucleus, astronomers 
estimate the size of the nuclear source to be less 
than 0.3pc. What is the angular size of the 
gamma-ray-emitting source? 


Some spiral galaxies have rotation curves that are flat 
out to 100 kpe. If our Galaxy had such a curve, what 
would its total mass be? (Hint: Try Kepler’s third law 
in its binary star form to solve this problem.) 


The Universe 


Galaxies Beyond 
the Milky Way 


alaxies are the grandest pieces of the Universe. 

They are the largest objects containing stars, 
gas, and dust that can still fit in the view of a tele- 
scope. Our Milky Way Galaxy (which is a giant) 
contains 10! stars. A few larger galaxies contain 
more stars, and dwarf galaxies contain fewer than 
1% as many. When we perceive the Universe, we 
usually picture it as a universe of galaxies. Yet gal- 
axies were recognized only recently (the proof 
came in 1924) as vast assemblages of stars separate 
from our Milky Way. This chapter deals with or- 
dinary galaxies in terms of their physical proper- 
ties, influenced by the distribution of mass within, 
the relative amounts of gas and dust, and the types 
of stars they contain. You will often hear that there 
is no such thing as a “normal” galaxy—perhaps 
this is strictly true, but one class of galaxies, those 
with Active Galaxy Nuclei (AGNs), stands out as 
so different from most others that the term normal 
can be applied to the latter. This chapter concerns 
the normal galaxies. 

Our examination of galaxies will first proceed 
by presenting the observational data. Most of our 
information comes from the optical, radio, infrared, 
and X-ray windows of the electromagnetic spec- 
trum, and most observations involve either the im- 
age or the spectral properties of the galaxy. Once 
the observations have been presented, we will dis- 
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cuss the basic theoretical interpretations and assess 
the question of What is a galaxy? 


21-1 
GALAXIES AS SEEN IN VISIBLE LIGHT 


We have certainly learned more about galaxies and 
the Universe by means of visible light observations 
than by any other technique. This is partly a result 
of historical accident; humans have made telescop- 


ically aided eye observations of galaxies for well 
over 200 years, and the first photographs appeared 
more than 100 years ago. In contrast, the other win- 
dows of the electromagnetic spectrum first yielded 
important results in the 1950s and only reached 
maturity within the last 10 or 20 years. 

The visible light window’s importance comes 
not only from history, however. Starlight, which is 
the major source of energy emission from most gal- 
axies, lies mostly inside the visible window. In ad- 
dition, most electronic transitions in atoms have en- 
ergies on the order of a few electronvolts, which 
lies within the energy range of visible photons. 
Therefore, most dilute gases emit line radiation 
within the visible window. Because stars and gases 
are the two dominant constituents of galaxies, vis- 
ible observations form the basis for understanding 
galaxies. 

Having established the priority of visible light, 
we note that today’s astrophysicist must also un- 
derstand the profound contributions made by dif- 
ferent kinds of observations—particularly those in 
the infrared, radio, and X-ray regions. One example 
is sufficient to illustrate this point; AGNs are the 
most powerful phenomena we can observe (short 
of the origin of the Universe itself). Although some 
of their manifestations are seen in the visible, their 
true nature could never be understood without de- 
tecting the intricate physical processes seen in such 
phenomena as their radio jets and extended radio 
sources or by summing up the phenomenal total 
energy output from their X-ray and infrared 
radiation. 


Figure 21-1 Hubble's tuning 
fork diagram. This illustration 
shows some of Hubble’s ellip- 
tical classes along with the spi- 
rals and irregulars. The spirals 
separate into parallel “ordi- 
nary” and barred sequences E3 E7 
based on the tightness of the 

spiral winding and the bulge/ 

disk ratio. Hubble incorrectly 

thought that the diagram was 

an evolutionary sequence ex- 

tending from left to right. 
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Visible Light Imaging of Galaxies 


Observations of the images of galaxies provide the 
most fundamental understanding. Most of our ba- 
sic terminology (such as elliptical or spiral mor- 
phologies) came first from examination of photo- 
graphic plates. It was also immediately obvious 
from photographic surveys that galaxies often 
come in pairs, triples, etc.—all the way up to very 
rich clusters. 

In recent years, the vast heritage of data from 


’ photographs has been augmented by digitized im- 


ages from CCD cameras. This new technology of- 
fers an increase of a factor of approximately 100 in 
sensitivity, greater dynamic range, and no need for 
analog-to-digital conversion in order to study the 
data with computers. Therefore, it is a much sim- 
pler process to use a CCD to measure quantities 
such as colors or magnitudes than it was in the 
days of photographic emulsions. 

Let us now examine the basic data provided 
by optical imaging. This will include the morpho- 
logical classification scheme, galaxy photometry, 
and colors. 


The Classification Scheme 


Edwin Hubble pioneered the study of galaxies 
based simply on appearance. Most galaxies may be 
separated into three major categories: elliptical, 
spiral, and irregular. Figure 21-1 shows this clas- 
sification system in what has come to be termed 
the “tuning fork” diagram. The splitting of the di- 
agram arises because the barred and ordinary spi- 
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rals each show a similar progression of structure as 
we move from Sa to Sc. Hubble thought that the 
classification sequence probably formed an evolu- 
tionary sequence also. For this reason, Sc galaxies 
have come to be called “late’-type spirals and Sa 
galaxies, “early.” Although Hubble expected there 
to be an SO class, which in his view was the evo- 
lutionary bridge from the elliptical stage to the spi- 
rals, he did not actually find any. The SO galaxies 
were added by Allan Sandage, who also greatly 
expanded on Hubble’s original ideas. The other 
major additions to the Hubble system came from 
G. deVaucouleurs who stressed the fact that the 
system is really a continuum—not just discrete 
classes—and added spiral classes of type later than 
Sc—Sd and Sm. (The latter is a “Magellanic” type 
spiral; it often surprises students who have seen 
photographs of the Large Magellanic Cloud that is 
has definite, barred spiral rather than irregular 
structure.) We illustrate several galaxies in Figures 
21-2 and 21-3. 


Ellipticals The elliptical galaxies (designated by E) 
have the shape of an oblate spheroid (perhaps— 


Figure 21-2 An elliptical galaxy. This example, M32, is 
type E2 and companion to the Andromeda Galaxy. (Na- 
tional Optical Astronomy Observatories) 
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there is no consensus as to whether they are oblate, 
prolate, or triaxial; we'll stick with oblate). They 
appear in the sky as luminous elliptical disks (Fig- 
ure 21-2). The distribution of light is smooth, with 
the surface brightness decreasing outward from the 
center with an intensity fall-off that varies approx- 
imately as log I(r) « r/4. Elliptical galaxies are 
classified according to the elongation of the appar- 
ent projected image; that is, if a and b are the major 
and minor axes of the apparent ellipse, then 
10(a — b)/a expresses the observed ellipticity. The 
true ellipticity cannot be found because the orien- 
tation of a particular galaxy cannot be determined. 
So an EO galaxy appears circular, while increas- 
ingly elliptical ones are given designations from El 
to E7 (the latter is the flattest observed). The E gal- 
axies have no axis of rotation; their stars follow or- 
bits with a variety of inclinations. Statistical studies 
lead to the conclusion that the true ellipticities of 
these galaxies are represented fairly uniformly 
from EO to E7. 


cD Galaxies An additional somewhat similar class 
is the cD galaxy, which was introduced by W.W. 
Morgan (c historically denotes supergiants in astro- 
nomical nomeclature and D is for diffuse). These 
appear superficially to be ellipticals, but they have 
greatly extended envelopes and, frequently, mul- 
tiple nuclei. Their diameters range up to a few 
megaparsecs (10° pc). The most likely origin of cD 
galaxies is the growth by cannibalism of a super- 
giant “normal” elliptical located at the center of a 
cluster [see Section 23-1(E)]. 


Spirals The spiral galaxies are divided into the or- 
dinary (designated S or SA) and the barred (SB) 
spirals. Both types have spiral-shaped arms, with 
two arms generally placed symmetrically about the 
center of the axis of rotation. In the ordinary spirals 
(Figure 21-3A), the arms emerge directly from the 
nucleus; in the barred spirals, a bar of material cuts 
through the center (Figure 21-3B), and the arms 
originate from the ends of the bar. Both types are 
classified according to how tightly the arms are 
wound, how patchy they are, and the relative size 
of the nucleus. Ordinary spirals of type Sa have 
smooth, ill-defined arms that are tightly wound 
about the nucleus; in fact, the arms form almost a 
circular pattern. The intermediate Sb galaxies have 
more open arms, which are often partly resolved 
into patches of H II regions and Population I stellar 
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NGC 1201 Type SO 


NGC 2811 Type Sa 


NGC 488 Type Sab 


NGC 2841 Type Sb 


NGC 3031 M 81 Type Sb 


NGC 628 M 74 Type Sc 


(A) 


Figure 21-3 Types of spiral galaxies. (A) Normal (above). (B) Barred (see next page). 
(Palomar Observatory, California Institute of Technology) 


associations. The nuclei in Sc galaxies are usually 
quite small, and the spiral arms are extended and 
well resolved into clumps of stars. Both old and 
young populations coexist in spiral galaxies, but 
the proportion of young Population I objects in- 


creases from Sa to Sc. Barred spirals exhibit a par- 
allel sequence of types: SBa, SBb, and SBc. 

Why should there be two types of spirals? The 
most likely explanation came from J.P. Ostriker and 
P.J.E. Peebles, who studied the dynamics of spiral 
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NGC 2859 Type SBO 


NGC 175 Type SBab(s) 


NGC 1300 


Type SBb(s) 


(B) 
Figure 21-3 (Continued) 


galaxies with varying halo masses. They found that 
if a disk galaxy’s halo were not sufficiently mas- 
sive, bar-like instability would develop. So we see 
here evidence that some galaxies—the ordinary 
spirals—possess massive spherical components 
that make their presence felt by dynamical effects 
but do not show up directly when the image is 


NGC 2523 


NGC 1073 


NGC 2525 


Type SBb(r) 


Type SBc(sr) 


Type SBc(s) 


viewed in visible light. This is but one piece in a 
growing puzzle about dark matter—a topic that is 
becoming increasingly important throughout our 
discussion of galaxies and the Universe. 

The degree to which the spiral arms are devel- 
oped is related to the luminosity of a galaxy. In 
analogy to the stellar luminosity classes, those for 


galaxies are I, II, Ill, IV, and V, with I the most 
luminous and V the least. An Sc I galaxy, then, is 
a very luminous spiral with a small nucleus and 
extended, well-resolved arms. These galaxian lu- 
minosity classes also relate to mass, so that for the 
same galaxy type, class I galaxies are the most mas- 
sive and class V, the least. 


50 Galaxies The SO galaxies are intermediate be- 
tween the ellipticals, E7, and the true spirals, Sa. 
They are flatter than the E7 galaxies and also differ 
from ellipticals in having a thin disk as well as a 
spheroidal nuclear bulge. Seen edge-on, they some- 
times have the shape of a convex lens and so are 
also called lenticulars. As opposed to the spheroi- 
dal component of galaxies which follow the r71/4 
law, the disk components have a slower fall-off of 
I(r) = Ine”. In many respects, SO galaxies resem- 
ble the true spirals but do not contain Population 
I objects. An SO galaxy seen edge-on is relatively eas- 
ily distinguished from elliptical galaxies because it 
is flatter and has a disk, but it is not easily distin- 
guished from an Sa galaxy. On the other hand, an 
SO seen face-on is relatively easily distinguished 
from an Sa because the latter has definite spiral 
structure, but the SO would be difficult to distin- 
guish from an EO because neither would have spi- 
ral structure. The ability to classify E and SO gal- 
axies correctly rests on the success of the image at 
revealing the faint outer disk of the SO. Therefore, 
detecting SO galaxies is dependent upon the quality 
of the observational material as well as the distance 
of the galaxies. 

One possible way that an SO could be created 
is for an early-type spiral to have all its dust and 
gas removed by tidal interactions with another gal- 
axy. In even interpenetrating collisions, the stars of 
the two galaxies would almost never collide, but 
the gas would tend to be stripped. 


Irregulars Other galaxies fall into the irregular 
class because they show no symmetrical or regular 
structure; nevertheless, even these galaxies may be 
divided into two distinct groups. Those of type Irr 
I have resolved OB stars and H II regions and 
clearly a large Population I component. The clas- 
sification Irr II is quite ambiguous and may include 
galaxies that are simply peculiar. Primarily, how- 
ever, these galaxies are amorphous and do not re- 
solve into stars. Such galaxies do show marked ab- 
sorption by interstellar dust, and gaseous emission 
is also observed. The peculiar galaxy M82 is an Irr 
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Figure 21-4 The irregular galaxy M82. (Lick Obser- 
vatory) 


II (Figure 21-4); it is remarkable in that dusty ma- 
terial extensively blocks out light from its stars in 
a fashion that makes it appear to be exploding; it 
is not. 


Dwarf Galaxies It is important to realize that the 
standard classification system does not apply to most 
galaxies in the Universe! The galaxies we commonly 
see illustrated are, naturally, those that are most 
easily detected. They are the brightest, most out- 
standing objects, but the number of dwarf galaxies 
far exceeds that of the familiar giants. The dwarfs 
have different morphologies. However, the most 
common type is elliptical in shape and has little 
gas, so it is called a dwarf elliptical or dE. The 
most obvious difference between these and the true 
ellipticals, aside from size, is the lack of a bright 
nuclear region in the dE galaxies. This class is nu- 
merically the largest in the Universe. The other 
principal type of dwarf galaxy is the dIrr or dwarf 
irregular. Notice that there are no dwarf spirals. 
This is an important clue about galaxy formation 
and evolution; apparently, the physical processes 
that create spiral arms demand a system with 
m= 10°Mo. 

Although the dwarfs are numerically superior 
to the normal galaxies, the latter are dominant in 
mass. So it is appropriate that most of our discus- 
sions deal with giant galaxies. 


Peculiar Galaxies Finally, we note that not all gal- 
axies fall into any of the classes discussed so far, 
and those that do not are generally called peculiar 
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galaxies. Good examples are the bizarre ring gal- 
axies (Figure 21-5) and other galaxies that may 
have undergone tidal disruption with another 
galaxy. 


The Morphological Mix About 77% of observed gal- 
axies are spirals, 20% are ellipticals, and 3% are 
irregulars. This sample is dominated by the lumi- 
nous spirals, however, which are visible at very 
great distances. The relative numbers in a given 
volume of space are quite different. A survey of the 
region of space out to 9.1 Mpc shows that only 33% 
of the galaxies in this volume are spirals, 13% are 
ellipticals, and 54% are irregulars. Many of the ir- 
regulars are small galaxies of fairly low luminosity, 
as are dwarf ellipticals. 


@ Photometric Characteristics 
of Galaxies 
Integrated Colors 


The light from a galaxy arises from all its stars, 
with the radiation contribution from the brightest 
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Figure 21-S_ A ring galaxy. 
Called the Cartwheel Galaxy, 
this object may be the result of 
the collision between a large 
spiral (now the ring) and two 
other galaxies. (Royal Observa- 
tory, Edinburgh) 


hot stars competing with the light from the fainter 
(but far more numerous) cool stars. In a gross way, 
we can use a galaxy’s color to infer its stellar com- 
ponent. A direct correlation exists between a galaxy 
type and its color. Ellipticals tend to be much red- 
der than spirals, and spirals, redder than irregulars. 
Within the spiral group, the galaxies appear redder 
as their nuclear bulges grow larger and their spiral 
arms become less extensive. Typical color indices 
(B — V magnitudes) are listed for different mor- 
phological types in Table 21-1, but we note that, 
especially for spirals, the colors of the outer parts 
of the galaxies are different from the nuclear bulge 
regions. 

The progression of color from the bluer irreg- 
ulars to the redder ellipticals reflects a trend in the 
composition of the galaxies’ populations. In general 
terms, an old Population I predominates in ellipti- 
cals and a much younger Population I stands out 
in irregulars. The mixture in the spirals is deter- 
mined by the size of the nucleus (old Population I) 
relative to that of the spiral arms (young Popula- 
tion I). (Population II is probably a minor contrib- 
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PTABLE 21-1) The Fundamental Characteristics of Galaxies 


Ellipticals 
Mass (Mo) 105 to 1013 
Absolute magnitude —9 to —23 
Luminosity (Lo) 3 x 105 to 10! 
M/L (Mo/Lo = 1) 100 
Diameter (kpc) 1 to 200 
Population content II and old I 


Presence of dust Almost none 


Sa 
Color index (B — V) +1.0 +0.9 
My 1/Mr(%) Almost 0 22 az: 
Spectral type K 


Spirals Irregulars | 


10° to 4 x 10! 108 to 3 x 101° 


—15 to —21 —13 to -18 

108 to 2 x 101° 107 to 10° 

2 to 20 1 

5 to 50 1 to 10 

lin arms, II and I, some II 
old I overall 

Yes Yes 

Sb Sc, Sd 

+0.4 to 0.8 +0.4 to 0.6 +0.3 to +0.4 

Gysae 72 10 + 2 22+ 4 

FtoK Ato F AtoF 


utor in all large galaxies, existing mainly in the 
globular clusters and galactic halo.) 


Sizes 


From simple trigonometry we know that the an- 
gular size of an object in the sky coupled with de- 
termination of its distance easily yields the linear 
size of that object. Given the angular diameter, we 
find the linear diameter from the relationship 
Araa = S/d, where Qyaq is the angular diameter in 
radians, s is the linear diameter, and d is the dis- 
tance (both in the same units). We will defer dis- 
cussion of how we find distances until the next 
chapter. For now we will assume that it is possible 
to do so. 

One hitch in calculating the sizes of galaxies is 
that the definition of the “edge” of a galaxy is 
somewhat arbitrary; different definitions result in 
different diameters. The slow fall-off in intensity in 
both the disk and spheroidal components means 
that, for both E and S galaxies, one can “always” 
look a little fainter and hence find the galaxy a little 
larger. In general, astronomers judge the edge of a 
galaxy by using some limiting level of observed 
brightness. The intensity contour of this designated 
level—called an isophotal level—is drawn around 
the image of the galaxy. This isophotal level then 
determines the galaxy’s apparent angular size. 


Such a procedure is relatively easy to carry out to- 
day using CCD pictures and computerized image 
processing. 

Dwarf ellipticals and small irregulars tend to 
be the smallest galaxies, some only 3000 pc in di- 
ameter. The typical diameter of galaxies of all types 
is about 15 kpc. Giant ellipticals can range up to 
60 kpc across. The very largest cD galaxies can 
have diameters up to 2 Mpc—greater than the dis- 
tance from our Galaxy to the Andromeda Galaxy. 


Luminosities 


If we know distances along with fluxes (measured 
logarithmically by apparent magnitudes) for gal- 
axies, we can calculate luminosities (absolute mag- 
nitudes). However, several considerations must be 
made in order to ensure that the calculated abso- 
lute magnitudes accurately measure the galaxy’s 
power output. One of these is related to the size 
question raised previously. How do we decide 
where the edge of the galaxy is? We must limit the 
radius at a given isophote. 

There are also three corrections that must be 
made to a galaxy’s absolute magnitude. Here we 
summarize the corrections as given in the Second 
Reference Catalogue of Bright Galaxies. 

The first correction is for dust obscuration within 
our own Milky Way. In the B-magnitude system, the 
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total extinction is Ag = 0.19 magnitudes at the 
North Galactic Pole and Ag = 0.21 at the south 
pole. The general expressions for the extinction at 
any given galactic longitude and latitude are the 
following: 


Ap = 0.1911 + Sxcosb)IC| = (for b > 0) 
and 
Ap = 0.21(1 + Sg cos b)|C| (for b < 0) 
where 
Sn(l) = 0.1948 cos() 
+ 0.0725 sin(l) + 0.1168 cos(2/) 
— 0.0921 sin(2l) + 0.1147 cos(3!) 
+ 0.0784 sin(3l) + 0.0479 cos(4l) 
+ 0.0847 sin(4l) 
and 


Ss(l) = 0.2090 cos(1) 
— 0.0133 sin(l) + 0.1719 cos(2/) 
— 0.0214 sin(2l) — 0.1071 cos(3l) 
— 0.0014 sin(3/) + 0.0681 cos(4l) 
+ 0.0519 sin(4l) 


The term C is given for both hemispheres by 
C = csc{b + 0.25° — 1.7° sin(l) — 1.0° cos(3l)] 


The second correction is for extinction internal 
to the galaxy in question. Because E galaxies have 
little dust, this correction is only made for S gal- 
axies. It is a function of the inclination i of the im- 
age that must be estimated by the observed ellip- 
ticity of the image. (We assume that spirals seen 
pole-on are circular.) The expression is 


Ap(i) = 0.70 log sec(i) 
The inclination is found from 
cos? i = [(b/a)? — a]/(1 — a?) 


where b/a is the observed axial ratio and a is the 
axial ratio for an edge-on galaxy of the same mor- 
phological type. 

The third is called the K correction; it is needed 
because the redshift causes the emitted light to be 
moved out of the rest frame filter band. This cor- 
rection is morphology dependent. Treating Hub- 
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ble’s classes as units, the standard expression is 


104 x Kp(cz) 
= 0.15cz 
(for E and S0’s) 
= [0.15 — 0.025 (morphology — S0)]cz 


(for Sa—Sb) 
= [0.075 — 0.010 (morphology — Sb)Jcz 
(for late types) 


where cz is the redshift in kilometers per second. 

Absolute magnitudes range from —8(2 Xx 10° 
Lo) for dwarf ellipticals to —25(10!2Lo) for super- 
giant ellipticals. Our Galaxy, viewed from the out- 
side, would have an absolute magnitude of roughly 
—21(2.5 X 10!°L6). 


Masses of Galaxies (Round 1) 


Let us explore one possible way to estimate the 
masses of galaxies. Now that we know the energy 
output, the luminosity, of the galaxy, we can do a 
simple calculation. If the luminosity is 10/Lo and 
if each star, on average, contributes as much light 
for its mass as the Sun does, then the mass of the 
galaxy ought to be about 1014Mo. A somewhat bet- 
ter estimate would make morphology-dependent 
corrections for the amount of gas (up to 30%) and 
dust (up to 5%). The method here is what is im- 
portant. Note that we are assuming that the con- 
tents of galaxies produce about 1Lo for about 
1Mo (as is the case for the Solar System). This 
method is a luminosity-based calculation, and the 
results follow the luminosities quite closely. Gal- 
axies, therefore, range from 10° to 10Mo. 

Table 21-1 summarizes the fundamental obser- 
vational data on galaxies. It treats the morphologies 
as three main types and presents their masses, lu- 
minosities, colors, diameters, and population types. 
Table 21-2 lists the positions of some of the most 
interesting galaxies. 


The Visible Light Spectra of Galaxies 


We have seen that examination of galaxies at dif- 
ferent colors yields important information. Differ- 
ent parts of galaxies emit different amounts of light 
at various wavelengths. It should not come as a 
surprise then that observations that separate the 
entire visible window into a spectrum are an es- 
sential tool. The history of optical spectroscopy is 
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PTABLE 21-2) Selected Galaxies 


Name Other ID a(2000) 6(2000) Remarks 
Andromeda M31, NGC 224 0h 42.7" +41°16’ SbI-II 

Black Eye M64 12h 56.7" +21°41’ SablI 
Centaurus A NGC 5128 13 25.5™ —43°01' Radio source 
Cygnus A 19h 59.4™  +40°43’ Radio source 
Fornax A NGC 1316 3h 22.7m —37°12' Radio source 
Hoag’s Object 15617.2™ +21°35’ Spindle & helix 
Maffei I 2h 36.3m +59°39’ Nearest giant E? 
The Mice NGC 4676a/b 12h 46.1" +30°44’ Colliding pair 
Pinwheel M33 1h 33.9m +30°39’ SclI-II 
Sombrero M104 125 39,9" —11°37’ Edge-on Sa/b 
Stephan’s Quintet | NGC 7317-20 22h 36.0" +33°58’ Odd redshifts? 
Whirlpool M51 13 29.9™ +47°12' SbcI-II 


similar to that of imaging. The first photographs of 
spectra followed closely the first imaging photo- 
graphs, and the modern trend is to use CCDs to 
detect the spectra. 


Spectral Types 


Most spectroscopic observations treat galaxies as 
single objects by recording information from the 
nuclear regions only; four galaxy spectra are shown 
in Figure 21-6. These spectra illustrate relatively 
normal elliptical and spiral galaxies along with two 
that show much more activity than normal. Such 
observations tell us the galaxy redshift [Section 
22-2(A)] as well as the activity, dynamics, and 
dominant stellar cornponent of the nuclear bulge. 
A more detailed examination in which spectra of 
many parts of the galaxy are observed can, in turn, 
provide us with an understanding of the internal 
motions and different stellar populations. 

Spectral type is another galaxy property that is 
dependent upon morphology. W.W. Morgan noted 
that the characteristic spectral type of a galaxy’s 
nucleus varies with the prominence of the bulge. 
The spectrum, of course, arises from the integrated 
light from billions of stars, but it is dominated by 
relatively few giant stars. For elliptical and early- 
type spirals, most of the giants seem to be K stars, 
and the spectral type of the galaxy looks very much 
like a redshifted K star. For later spirals, the spec- 
tral type shifts toward G or F stars. 


F concept Application | 


The Stars That Dominate 
a Galaxy’s Light 


In this chapter, we suggested that the light from 
galaxies can be dominated by relatively few giant 
stars. Let’s explore this idea. A typical galaxy con- 
tains 10!° to 10" stars. Most of these, of course, are 
located on the main sequence in a continuous band 
with increasing numbers toward the lowest masses 
and luminosities—the M dwarfs. Assume a very 
simplified view of a modestly sized galaxy with 
10!° stars of uniform absolute V magnitude of 
My = +8. How many supergiants of My = —4 
would it take for the light from the supergiant pop- 
ulation to equal the light from the dwarf pop- 
ulation? 

We find the supergiant population by Equation 
11-5. The total brightness of the dwarfs would be 


lawarf = 10'° x lig 


and the total brightness of the supergiants would 
be 


giants =NXI-4 


where N is the number we seek. Putting the nec- 
essary quantities into Equation 11-5, we find 


+8 — (-4) = 25 log(l_a/lss) 
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Figure 21-6 Examples of galaxy spectra. (A) A typical spectrum of an elliptical galaxy. There are no emission lines, 
and the prominent absorption features come from ionized calcium, neutral magnesium, and the CN molecule (the G 
band). Note the substantial depression of the continuum at wavelengths shortward of the K and H lines when compared 
to that just longward of these lines; this is the 4000-A break. Note, also, that the K and H lines are seen longward of 
4000 A (400 nm); they were emitted at 393 and 396 nm but have been redshifted (v ~ 7200 km/s) to the observed 
wavelengths. (B) A typical spectrum for a late-type spiral galaxy. The continuum radiation from the stellar component 
comes from earlier spectral types than that of E galaxies, so the 4000-A break is not seen, and the prominent absorption 
features of the E galaxy seen in (A) are very weak or absent. However, here we see emission line evidence for weak 
star formation in the two permitted lines of hydrogen, Ha and H§, and the forbidden [O II] 372.7 line. (C) A spectrum 
from an active star-forming galaxy. Note the similarity with (B), but here we also see the [O III] 495.9 and 500.7 lines. 
(D) The spectrum of a Seyfert type 1.5 AGN galaxy. Note the extreme width of the permitted emission lines. Enough 
of the stellar component of the galaxy was included in this spectrum to also see the K and H absorption lines. In all 
four spectra, there is more noise at the red end of the spectrum caused by low detector response at longer wavelengths. 
The apparently larger differences between troughs and peaks in the red are not as significant as the smaller differences 
in the less noisy blue end of the spectrum. 


so (1_4/l4g) = 6.3 X 104. In other words, each su- 
pergiant contributes the same amount of light as 
63,000 dwarf stars. Therefore, the number of su- 
pergiants needed for the populations to produce 
the same amount of light would be found from 


lawart = giants = 10° x lig = N X 63,000 X I+ 


so N = 16 X 10°. 

Can this number really be said to be “relatively 
few”? Let’s answer this in terms of the average dis- 
tance between stars by assuming the galaxy to be 
an EO object with a 10-kpc diameter and uniform 
density of stars. (The last assumption is obviously 
incorrect, but it is useful in finding a rough esti- 
mate.) The volume of the galaxy would then be 
V = 4.2 X 107 pc?. Uniformly filling this volume 
with a population of 160,000 stars would lead to a 
density of 3.8 x 10-8 stars per cubic parsec or an 
average distance of about 300 pc between the su- 
pergiant stars. In this model, the stars of the dwarf 
population would be about 3.5 pc apart, so the su- 
pergiants would qualify as being “relatively few.” 
Note that the stars in the disk of the Milky Way 
are about 1 pc apart on average. Our model was 
quite simple, but the result well illustrates that the 
brightest stars, although small in number, contrib- 
ute most of the light from a galaxy. 


21-2 
GALAXIES AT RADIO WAVELENGTHS 


We use radio telescopes in ways similar to those in 
which we use optical observatories. Broad-band 
continuum observations are similar to broad-band 
colors. Aperture synthesis imaging is similar to 
CCD imaging, and we can scan in radio frequency 
space to form spectra. 


Continuum Imaging 


Continuum observations of galaxies generally mea- 
sure radiation that was produced by the synchro- 
tron process. From this we immediately know that 
there must be both a magnetic field and a compo- 
nent of highly energetic particles present in any 
galaxy that is detected. 

Generally, we can separate galaxies into two 
distinct groups of radio emission. One is the AGN 
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group, which includes Seyfert galaxies, radio gal- 
axies, and quasars, for example. These objects fea- 
ture powerful, violent phenomena whose origin 
lies deep within the general nuclear area at the tiny 
nucleus itself. Although a great many galaxies can 
be detected with radio telescopes, the term radio 
galaxy is reserved for that special class of AGNs 
that produce more than 10°°J/s of radio power. 
We will examine these objects in Chapter 24. The 
current chapter is concerned with the second 


- group, the normal galaxies. 


In the low-luminosity class of sources, we usu- 
ally can detect only the later morphological types. 
This should not be a surprise when we consider 
the most likely means of producing relativistic elec- 
trons and ordered magnetic fields. The best can- 
didates are all young Population I objects. 


@® Line Radiation and Neutral- 
Hydrogen Content 


The most widely observed example of radio line 
radiation is that produced by neutral hydrogen at 
a wavelength of 21 cm. This line provides a great 
deal of information about the H I content of nearby 
galaxies, including an estimate of the total amount 
of hydrogen in the galaxy, the ratio of the mass of 
the hydrogen gas to the total mass of the galaxy, 
the distribution of the neutral hydrogen in the sys- 
tem, the rotation curves as a function of distance 
from the center of the galaxy, and the radial veloc- 
ity of the galaxy. The most complete data, of 
course, are for galaxies that are resolved by radio 
telescopes. 

As you might expect, the total amount of hy- 
drogen in a galaxy is primarily a function of galaxy 
size. On the other hand, the ratio of the hydrogen 
mass to the total galaxy mass (My1/M7) depends 
on galaxy type (Table 21-1). The percentage of the 
total mass that is in the form of neutral hydrogen 
is relevant to our ideas concerning evolution within 
galaxies. The less hydrogen relative to stars, the 
more original gas there was that must have already 
been condensed into stars. Data for a sample of spi- 
ral and irregular galaxies indicate that the H I mass 
makes up a small fraction of the total mass, only 
3% for lenticulars and 22% for irregulars. So Irr gal- 
axies have more HI gas, relative to their total mass, 
than do Sa galaxies. 

The present rate of star formation depends on 
both the amount of hydrogen available and its den- 
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sity. Sc spirals and the irregular galaxies are not 
necessarily younger than the Sa spirals, but their 
development has been different. For instance, Pop- 
ulation II stars have been observed in irregular 
galaxies, even though these galaxies have high 
Mu1/My_ ratios. 

For Sc spirals and irregulars, the extent of the 
hydrogen in many cases is almost double the op- 
tical size of the galaxy. For example, studies of the 
Magellanic Clouds show that there is hydrogen be- 
tween these two galaxies, both as a bridge to the 
Milky Way and as a common envelope surround- 
ing both galaxies. 


21-3 
INFRARED OBSERVATIONS 
OF GALAXIES 


Although infrared observations have been made 
for over 20 years, this field really came to maturity 
with the Infrared Astronomy Satellite in the mid 
1980s. This satellite’s surveys covered over 96% of 
the sky at 12, 25, 50 and 100 um wavelengths. 
Roughly 25,000 galaxies were detected. As is the 
case with radio continuum and 21-cm observations, 
IRAS observations of galaxies are also quite sensi- 
tive to morphology. Few E and SO galaxies can be 
found in the [RAS catalog. 

Although AGNs are often highly luminous in 
the infrared, the “normal” galaxies are also seen. In 
the latter, the primary emission mechanism is ther- 
mal radiation from interstellar dust grains that 
have been heated by starlight. Therefore, the IRAS 
observations provide information about the stellar 
populations as well as the composition and dis- 
tribution of the dust. A simplified, but useful, 
model would contain two separate components 
of the dust. One is the so-called cirrus—wispy, 
diffuse clouds; the other is a more active compo- 
nent related to HII regions and, therefore, to star 
formation. 

In 1985 G. Helou, B.T. Soifer, and M. Rowan- 
Robinson found a remarkable correlation between 
the amount of far-infrared emission and that of the 
radio synchrotron emission. Figure 21-7 shows 
that we can predict the radio emission flux density 
within a factor of 2 from the infrared flux over a 
range of more than 3 orders of magnitude in lu- 
minosity! Because the emission mechanisms are 
quite different for the two (thermal electrons in one 
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Figure 21-7 The radio/infrared luminosity correlation. 
The far-infrared IRAS luminosity of galaxies is found 
to be very tightly correlated with the 20-cm radio lumi- 
nosity. (N. Duric) 


case; nonthermal synchrotron emission from rela- 
tivistic electrons in the other), this tight correlation 
is difficult to understand. 


21-4 
X-RAY EMISSION FROM 
NORMAL GALAXIES 


For X-rays, the analog to the IRAS that advanced 
infrared studies so far is the HEAO-B satellite— 
more commonly known as the Einstein Observa- 
tory. Before this satellite produced X-ray images in 
1978-1980, we generally had to be content with 
knowing only the total fluxes in objects. 

Although the correlation is not so tight as with 
infrared data, the X-ray and radio flux densities of 
normal late-type spirals are also found to be re- 
lated. Again, the emission mechanisms are differ- 
ent. The X-rays are mostly produced by thermal 
brehmsstrahlung (Section P6-1) from very hot gas— 
perhaps accretion disks around compact stars. 

Figure 21-8 shows a composite view of the An- 
dromeda Galaxy in the visible, radio (21-cm), infra- 
red (60-um), and X-ray regions of the spectrum. We 
find that the different classes of photons come from 
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different sources. The blue visible light comes from 
stars and gas and is quite widely distributed. The 
X-rays have a very different distribution from all 
the others; they arise from a relatively small num- 
ber of discrete sources. The distributions of radio 
and infrared photons are most similar. Both have 
a ring of intense, diffuse emission in the disk; but 
the nucleus also appears prominent in the IRAS 
data. 
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Figure 21-8 The Androm- 
eda Galaxy, M31, seen at dif- 
ferent wavelengths. (A) Blue 
visible light. (B) 21-cm radio 
image. (C) 60-um. (D) 0.5- 
4.5 keV. (Published with per- 
mission from Astronomical 
Observations by G. Walker; 
Cambridge) 
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21-5 
SOME BASIC THEORETICAL 
CONSIDERATIONS 


Because galaxies are the most striking elements of 
the Universe, there must be important physical 
processes that created them as individuals and 
have kept them intact during their evolution. The 
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goal of the theorist is to start from a minimal set of 
basic assumptions and explain the origin and ev- 
olution of galaxies in a way that is consistent with 
both the observations discussed previously and the 
laws of physics. 

In this section we will discuss several aspects 
of the interpretation of observations. First, we will 
examine the morphological classification scheme 
from a physical viewpoint and elaborate more on 
the role of star formation in spiral galaxies. Second, 
we will introduce the virial theorem and apply it 
to individual galaxies. (In Chapter 23 it will be ap- 
plied to clusters.) Finally, we will take another look 
at galaxy masses. Theories of galaxy formation will 
be discussed more fully in Chapter 26. 


Implications of the 
Classification Scheme 


Is the classification of galaxy types important? In 
science, morphological distinctions are useful to 
note only if they represent some underlying phys- 
ical differences among classes. Let us review three 
important observations: 


1. The color of a galaxy depends strongly on mor- 
phological type. 

2. The integrated spectral type of the nuclear re- 
gion depends strongly on morphological type. 


3. The spheroidal components of galaxies follow 
the r!4 law and the disk components follow an 
exponential distribution—regardless of the spe- 
cific morphological type. 


The first two points indicate that there is consis- 
tency in the evolutionary stage of stellar popula- 
tions among all galaxies of a given morphological 
type. Furthermore, there is a regular progression of 
the population indicators along the morphological 
sequence. The third point shows that stars in disk 
regions and those in nuclear bulge regions arrive 
at consistent dynamical states even though the par- 
ent galaxies may follow rather different histories. 
In other words, the underlying dynamics of all 
disks are essentially the same, and this also holds 
for spheroidal systems—whether they be nuclear 
bulges or elliptical galaxies. 

It is quite clear, therefore, that the classification 
system is enormously useful. The two main classi- 
fication criteria are disk/bulge ratio and the impor- 
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tance and/or degree of winding of the spiral arms. We 
do not understand completely why these two ob- 
servable quantities so accurately represent both the 
dynamical state and the dominant evolutionary 
populations of the component stars within a gal- 
axy. But the fact that there is an important physi- 
cal basis for separating galaxies by shape is un- 
deniable. 

Can we say more about the evolution of gal- 
axies? Why do we not think of the classification 
scheme as an evolutionary sequence? Although the 
S galaxies have young stars and the E galaxies have 
only old stars, the spirals also have old stars. Thus 
both types are “old.” The lack of gas in ellipticals 
prohibits the formation of new populations. 

The form a galaxy takes probably depends 
mostly upon its angular momentum (actually the 
angular momentum per unit mass); the greater the 
angular momentum, the more flattened the galaxy. 
This occurs because the gas dissipates its momen- 
tum in the direction perpendicular to the plane as 
gravity collapses gas across the galaxian poles, but 
the gas in the equatorial plane is rotationally sup- 
ported. In elliptical galaxies, the condensation of 
gas into stars was efficient and therefore rapid, 
which led to a spheroidal distribution of stars and 
a high concentration of stars at the nucleus. Con- 
versely, in spiral galaxies, star formation occurred 
more slowly so that the later generations of stars 
came from an increasingly flattened gas source. A 
dual type of distribution resulted; the slowly rotat- 
ing system contains stars distributed spherically, 
and the rapidly rotating part is a flattened, disk- 
like system containing stars, dust, and gas. The 
dust and gas in the plane became subjected to the 
density waves that create spiral arms. The turbu- 
lence and magnetic fields may also play important 
roles in controlling the final shape of a galaxy. 

What do the correlated interrelationships 
among infrared, radio, and X-ray luminosities tell 
us about normal galaxies? Because only the late- 
type morphologies are represented, we know that 
the sources must be part of the young population. 
How do we relate relativistic electrons, thermal 
dust sources, and (possibly) accretion disks around 
collapsed objects? 

The canonical answer to these questions shows 
how important star formation can be to the ener- 
getics of disk galaxies. In this scenario, increases in 
star-formation rates add energy to the interstellar 


dust, which reradiates the energy from the stellar 
photons into the infrared—thereby raising the in- 
frared luminosity. This increase in star-formation 
rates also results in an increase in the number of 
supernovae, and it is quite likely that the origin of 
the synchrotron electrons lies in the supernovae. 
However, the electrons must be accelerated to rel- 
ativistic velocities, and there are a number of mech- 
anisms in the interstellar medium that can generate 
shock waves that can effectively accelerate the elec- 
trons. Type I supernovae produce collapsed stars, 
and their associated accretion disks could be the 
sources of the X-ray luminosity. 

Several theorists are currently trying to close 
the many gaps in this picture, but most agree with 
its basic plausibility. Somehow star-formation rates 
seem to regulate the total energy emitted by a gal- 
axy in the infrared, radio, and X-ray windows of 
the spectrum. 


@ The Energetics of Galaxies— 
The Virial Theorem 


The virial theorem (Section P2-5) is used in a very 
wide range of problems in astrophysics. We have 
already used it relative to star formation (Section 
15-3) and the formation of the Galaxy (Section 
20-3). It relates the kinetic energy (KE) of a system 
to its gravitational potential energy (PE). Its fun- 
damental assumption is that the system in question 
(star, star cluster, galaxy, galaxy cluster, etc.) is 
stable—neither collapsing nor flying apart. If the 
components had too much kinetic energy, then the 
system would expand, if the gravitational potential 
energy dominated, then the system would collapse. 
We write this equation as 


2(KE) = —(PE) (21-1) 
For galaxies this reduces to 
(v2) = 0.4GM/n, (21-2) 


where r;, is the radius enclosing half the mass, 
(v*) is the mean value of the square of the peculiar 
velocities of the component stars (one form of the 
velocity dispersion, to be discussed further in 
Chapter 23), and M is the total galaxy mass. 

Because the total energy of a galaxy is TE = 
KE + PE, we find that 


TE = —KE = 1/2PE (21-3) 
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Consider the formation of a galaxy as a widely dis- 
persed cloud of gas initially at rest. In this state, 
TE = KE = PE = O. As the cloud contracts under 
gravity, the KE increases and the PE decreases (be- 
comes negative). Equation 21-3 shows that, in its 
final equilibrium state, the total energy is negative 
(so the system is bound), and half of the PE re- 
leased in the collapse has been converted to KE 
while the other half has been radiated away. 

We learn several important things about gal- 


. axies from the virial theorem. One is that we can 


make judgments about which objects belong to a 
galaxy and which ones are not a permanent fea- 
ture. For example, if we find a star with unusually 
high speeds relative to the centroid of a galaxy, we 
could consider kinetic energy to decide whether the 
star was a permanent part of the galaxy or a fore- 
ground object. Typically, the dispersion of speeds 
within a galaxy has a width of about 300 km/s. 
Therefore, if kinetic energy is added to a given 
component (star, star cluster, gas cloud, etc.), a 
likely result is that that component could “evapo- 
rate” from the galaxy. 

Also note that Equation 21-2 allows estimation 
of the galaxy mass given the velocity dispersion. 
This leads us to the next section. 


Masses of Galaxies (Round 2) 


We saw in Section 21-1 a luminosity-based method 
for estimating galaxy masses. We now introduce 
some dynamical methods. One is given in Equation 
21-2. A second involves finding the velocity or ro- 
tation curve as a function of distance from the cen- 
ter of the galaxy; hence, the method applies only 
to galaxies that are near enough and bright enough 
to allow us to obtain spectra at several points. At 
the telescope, the spectrograph slit is placed across 
the galaxy’s diameter, and Doppler shifts are mea- 
sured at points along it. Knowing the tilt of the 
galaxy to our line-of-sight, we can translate the ra- 
dial velocities to rotational ones. 

A simplified view of this method invokes the 
familiar functional form of Kepler’s third law. Al- 
though originally defined for the case of a massive 
sun surrounded by relatively light planets, it can 
also be applied to any system in which there is a 
strong central concentration of mass. This certainly 
seems to apply to the outer reaches of galaxies. 
Photographs strongly imply that the light is cen- 
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trally concentrated, so surely(?) the mass is also. 
We can make predictions about the form of the ve- 
locity/radial distance relation V(r) from Kepler’s 
P? = a>. The quantity a is the same as r, and the 
period P of an orbit is just 


P = 2nr/V 


Putting V and r into Kepler’s equation and re- 
arranging quantities shows that 


V(r) « r7l/2 (21-4) 
a function that decreases with increasing distance 
from the nucleus. 

Observations show a remarkable feature of the 
rotation curves for spiral galaxies (Figure 21-9). As 
one looks outward from the nucleus, the curves ini- 
tially rise steeply. (This is expected from Keplerian 
orbits because the bulge is still within the main 
mass concentration.) The surprising feature is that 
the curves then flatten out at large distances from 
the nucleus, but they do not decrease. This fact im- 
plies that a large fraction of the mass lies not in the 
interior regions but in the halo. Instead of the func- 
tion M(r) approaching a constant, it seems to have 
the form M(r) « r. If the rotation curve of our Gal- 
axy resembles that for other spirals and so contin- 
ues flat out to 60 kpc, then its total mass is 7 X 
10"Mo! 
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>: 
<25 sp NGC 2989 Sbe NGC 3145 


So 


Rotational Velocity (km/s) 


0 5 10 15 20 25 
Distance from Nucleus (kpc) 


Figure 21-9 Rotation curves for spiral galaxies. Note 
how all flatten out at large distances from their centers. 
“Adapted from diagram by V. Rubin, W.K. Ford, Jr. and N. 
Thonnard” 
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Another dynamical method can be used with 
double galaxies. Just as with visual binary stars, we 
can apply Newton’s form of Kepler’s third law 
[Section 1—4(B)] to determine the mass if we know 
the distance, the angular size of the orbit, the pe- 
riod, and the position of the center of mass. How- 
ever, galaxies revolve too slowly for us to see their 
orbits, periods, and relative centers of mass. So we 
cannot find the individual masses of binary galax- 
ies. All we can measure are the radial velocities and 
the separations; we do not know what part of the 
orbit the galaxies are on or what the inclination is, 
and so we also do not know what the true orbital 
velocities are. If we examine a large sample of gal- 
axies, however, and assume that their orbits are 
nearly circular and randomly oriented to our line- 
of-sight, we can estimate from these data the aver- 
age masses of the galaxies sampled. An investiga- 
tion of 279 binary systems, mostly spirals, used 
the Doppler shift of the 21-cm line to determine ra- 
dial velocities. It gave an average mass of 10!*M¢ 
for these spirals (for Ho = 75 km/s - Mpc, see Sec- 
tion 22-2). 

We have now estimated galaxy masses by two 
very different techniques. The first was luminosity 
based and assumed a mass-to-light ratio of approx- 
imately 1 in solar units. This means that we assume 
that each accumulation of approximately 1Mo of 
material in a galaxy contributes approximately 
1Lo of luminosity. Clearly this cannot be true in 
detail; dark objects such as dust, planets, comets, 
and asteroids all contribute mass without adding to 
the luminosity. But if our Solar System is typical, 
then the mass contributions of these objects is ex- 
ceedingly small compared to that of the stars. 

The dynamical techniques using velocity dis- 
persions, rotation curves, and velocity differences 
in binaries raise our mass estimates considerably 
without raising the luminosity estimates. There- 
fore, the M/L values based on dynamical methods 
rise to values of between 5 and 30 times the solar 
value. Note that this is consistent with the hypoth- 
esis that the difference between ordinary and 
barred spirals is caused by the presence or lack of 
a massive but nonluminous halo. 

These new estimates of the M/L ratio pose se- 
rious problems in understanding galaxies. What 
kind of population of objects can be so numerous 
as to account for 5 to 30 times the mass of all the 
stars in the galaxy without producing any light? 


Could it be dust (no, because halos are transparent 
but dust isn’t), asteroids, comets, brown dwarfs, 
black holes? All are unlikely given our understand- 
ing of how stars form and evolve. 

After all this analysis, can we answer the ques- 
tion What are galaxies? They are certainly self- 
gravitating systems in which we can observe some 
very familiar phenomena; we see stars move in un- 
derstandable orbits, many forms of electromagnetic 
radiation coming from (mostly) understandable 
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sources, and evolutionary patterns of birth and 
death cycles. For the most part, those aspects of 
galaxies that are not clearly understood at the mo- 
ment at least appear to be amenable to comprehen- 
sion with a little more work from observers and 
theorists. The most puzzling is understanding the 
dark matter. In later chapters we will see that the 
problem only gets worse, and the solution only 
gets more exotic. Dark matter is truly the central 
problem in comprehending the Universe. 


| Key Equdtions & Concepts J & Concepts 


Elliptical galaxies have 

1. old stars 

2. little dust and gas 

3. no current star formation 

4. log I(r) « r4 

Spiral galaxies have 

1. young and old stars 

2. 20-30% (by mass) dust and gas 


3. current star formation—located mainly in spiral 
arms 


4. log I(r) « r“™ for the nuclear bulge 
5. I(r) = Ip e-™ for the disk 


Galaxy masses range from 105 to 10'%Mo. 


Galaxy luminosities range from 3 X 10° to 
10"Lo. 


Normal galaxies produce less than 10° J/s of con- 
tinuum radio emission, which is generally related 
to the amount of star formation. 


There is a strong correlation between the radio and 
far infrared luminosities. 


From analyses of flat rotation curves and orbital 
speeds of double galaxies, we infer the presence of 
dark matter. 


\ Problems | 


1. Our Galaxy and the Andromeda Galaxy (M31) are 
by far the most massive members of the Local Group. 
If these two giant galaxies form a binary system and 
move about one another in circular orbits, then 
calculate 
(a) the distance to the center of mass of the system 

from our Galaxy 

(b) the orbital period 
Perform the same computations for the orbit of the 
pair M32 and M31. 


2. Use the rotation curves in Figure 21-9 to calculate 
the masses of NGC 7664 and NGC 4378. 


3. The Sun orbits around the Galaxy at a radius of 
about 8.5 kpc. In a mere 110 million years from now, 


the Sun will be on the other side of the Galaxy. The 
nearby galaxies will appear to shift in the sky relative 
to more distant background galaxies—a galactic par- 
allax. What then would be the number of parsecs in 
a “galsec,” the distance of a galaxy whose galactic 
parallax equals 1.0"? 


4. Based on the photographs and text in this chapter, 
plot I(r) versus r for a hypothetical (a) E galaxy and 
(b) SO galaxy. What kinds of assumptions must you 
make? How might an Sa galaxy differ from your sec- 
ond plot? Should you use logarithms for either or 
both axes? 


5. Plot the angular diameter versus distance (in Mpc) 
for a galaxy with linear diameter of 30,000 pc. At 
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10. 


11. 
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what distance does the galaxy subtend an angle of 
d = 4 arcsec? 


. Using the data from problem 5, discuss our ability to 


classify accurately the morphologies of galaxies at 
distances of 10, 100, and 1000 Mpc. Assume 1-arcsec 
resolution data. Which types are easy to classify? 
Which are hard? 


. In light of a collapsing gas cloud model of galaxy 


formation, discuss the observations that halo popu- 
lation stars (Population II) have low metal content 
and that disk population (Population I) objects with 
higher metal abundance define thinner disks. 


. Qualitatively discuss why we know that large 


amounts of dust do not account for the high M/L 
ratios of galaxies found by the dynamical methods 
of Section 21-5(C). 


. How many brown dwarfs with M ~ 10-3Mo would 


be needed to give our galaxy an M/L ratio of 10? 


Assume that the Hubble telescope has recently ob- 
served a galaxy that has been given the name West- 
phal 1. If this galaxy is in the direction! = 20°, b = 
30°, has an observed diameter of 6” x 4", is of type 
Sc, has a redshift of cz = 12,500 km/s, and has an 
observed magnitude of B = 16.5, what is its absolute 
magnitude Mp? 


The Pinwheel Galaxy (M33, also called the Triangu- 

lum Galaxy) is a nearby (D = 690 kpc) nearly face- 

on Sc-type spiral galaxy. 

(a) How many parsecs in M33 correspond to an an- 
gular size of 1” as seen from the Earth? 
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12. 


13. 


14. 


(b) If the rotation curve is like the Sc galaxy NGC 
7664 (Figure 21-9), what is the revolution period 
for a star 10 kpc from the galactic center of M33? 

(c) What is the velocity of the star in (b) in parsecs 
per year? 

(d) How far in arcseconds would the star appear to 
move in 100 years? 

(e) If astronomers can measure positions with an ac- 
curacy of 0.01", comment on how long it would 
take before the proper motion of the star in M33 
could be readily detected. 


You observe a star in the field of an elliptical galaxy 
and want to determine whether the star is a perma- 
nent member of the galaxy, an object escaping from 
the galaxy, or a foreground star in our own Galaxy. 
You observe the spectrum of the star and find that 
the Ha line (Ag = 656.3 nm) has an observed wave- 
length of 656.9nm. The galaxy has a mass of 
10!7Mo and a radius of 100kpc. What can you 
conclude? 


Several possibilities (dust, comets or asteroids, 
brown dwarfs, black holes) are suggested in the 
chapter as being unlikely to be the source of the dark 
matter in galaxies. Explain why each of these classes 
of objects is unlikely to be the dark matter. 


The galaxy NGC 5055 is classified as Sbe II-III. It has 
an apparent B magnitude of 9.30 and is located at 
galactic longitude / = 106°, latitude b = 75°. Its red- 
shift is 550 km/s, and its observed axis ratio is 0.60. 
For Sbe galaxies, the edge-on axis ratio is 0.13. What 
would this object’s absolute face-on corrected B mag- 
nitude be using the corrections discussed in Section 
21-1(B)? Would the K correction be of any practical 
concern? 


Hubble’s Law and the 
Distance Scale 


e live in a three-dimensional Universe, but as- 

tronomers can only measure two dimensions 
easily. Obviously, these are the east-west and 
north-south coordinates of an object in the sky. It 
would not be an exaggeration to state that, histor- 
ically, the most important work in astrophysics has 
been the great leaps in understanding brought 
about when a new method has been found to allow 
us dramatically to extend measurements of the 
third dimension, distance. 

Prior to the 20th century, the most important 
distance work came from (1) Copernicus and Kep- 
ler who showed us the scale and dynamics of the 
Solar System and (2) Bessel who first measured the 
trigonometric parallax of stars, which led to the un- 
derstanding that the Universe was much larger 
than the volume occupied by our planetary system. 
We will discuss in the present chapter two more 
profoundly important methods: (3) the use of the 
period-luminosity law for Cepheid variable stars 
and (4) Hubble’s law. These laws have allowed us 
to appreciate fully the immense size and dynamics 
of the Universe. 


22-1 
THE PERIOD-LUMINOSITY 
RELATIONSHIP FOR CEPHEIDS 


We introduced Cepheids in Chapter 18. Here we 
will discuss their importance for understanding 
galaxies and the Universe. 

Henrietta Leavitt discovered the period—lumi- 
nosity (P-L) relationship in 1912 for Cepheid vari- 
ables in the Small Magellanic Cloud. We now rec- 
ognize that the SMC is a small, nearby galaxy that 
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is separate from the Milky Way and in orbit around 
it, but, of course, she did not know this at the time. 
However, she did assume correctly that the stars 
in the SMC were all at roughly the same distance 
from the Earth, and this is critical to the discovery. 
For the period—luminosity relationship is also a pe- 
riod—apparent magnitude relationship when all the 
variable stars are at roughly the same distance. 
Harlow Shapley made the P-L relation useful by 
calibrating it and then applied it in the analysis of 
the size and shape of the Milky Way. 

Using the Mt. Wilson 100-inch telescope, Ed- 
win Hubble searched for Cepheid variables in the 
great nebula in Andromeda. He announced the re- 
sults in 1924. This was the first of Hubble’s great 
discoveries, for he found that the Cepheids in An- 
dromeda were so much farther away than those in 
any portion of the Milky Way or in the SMC that 
Andromeda must be a separate galaxy. The long 
debate about the nature of the spiral nebulae was 
over—they were not components of the Milky Way 
as Shapley had previously argued. Immediately, 
the vast scale of the Universe was clear. Spirals 
similar to Andromeda could be seen in photo- 
graphs all the way down to the faintest detectable 
images. Our perception of the Universe changed 
from one that was at most a million lightyears 
across to one that was at least billions of lightyears 
in scale! 


22-2 
HUBBLE’S LAW 


In the last chapter, we examined some important 
results of optical spectroscopy, but we saved by far 
the most important result, Hubble’s law, for this 
chapter, because its implications are quite pro- 
found. Like most discoveries, Hubble’s was based 
on the work of earlier astronomers; in this case 
V.M. Slipher and K. Lundmark. By 1912 Slipher 
had found that the Doppler shifts seen in the spec- 
tra of spiral nebulae were often larger than the 300- 
km/s maximum found for individual stars in the 
Milky Way. Prior to Hubble’s demonstration that 
the spiral nebulae were galaxies, the large size of 
the radial velocities was one of the major points 
used in debates about the nature of the spirals. 
The 1929 paper in which Hubble announced 
the relationship that we now call Hubble’s law fol- 
lowed a long tradition advocated by Lundmark in 
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which the spiral galaxies were used to try to find 
the Sun’s motion with respect to an assumed rest 
frame. The solar motion solutions included not 
only terms dependent on direction but also 
terms dealing with distance. Hubble’s discovery 
amounted to finding that the coefficient of the dis- 
tance term was decidedly nonzero. 

Consider a given galaxy at a distance d. If this 
galaxy emits a spectral line of wavelength Ag and 
we detect this line at a (greater) wavelength A, then 
the redshift is defined as 


Z = (A — Ao)/Ao = AA/Ao (22-1) 


(Note that AA would be negative if the object were 
approaching; this would be a blueshift.) If the 
change in wavelength is interpreted as a velocity 
Doppler shift, then the speed of recession of the 
observed galaxy is 


v = cC(AA/Ag) = cz (22-2) 


where c is the speed of light. By using the apparent 
magnitude of the galaxy to measure its relative dis- 
tance, Hubble discovered the correlation 


cz = Hd (22-3a) 


where H is the Hubble constant; comparing Equa- 
tion 22-3a with Equation 22-2, we find an alter- 
native form of Hubble’s law: 


v = Hd (22-3b) 


Hubble’s law is commonly illustrated in a variety 
of ways. Figure 22-1 shows photographs of galaxy 
images along with their spectra for objects span- 
ning a wide range of redshifts. Figure 22-2 directly 
plots v versus d for the same galaxies. Notice that 
the slope of the line is Hubble’s constant H. 


Redshift, Distance, and 
the Age of the Universe 


Why is this simple mathematical statement (Equa- 
tions 22-3b and P7-28) so important? There are 
many answers. First, it is a new distance-determin- 
ing method. Hubble used distances found by other 
means to discover the law and to calibrate it, but 
once the calibration is known it can be inverted to 
give a distance estimate based on a galaxy’s red- 
shift. Let us rearrange Equation 22-3a to obtain 


d = cz/H (22-3c) 
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Then, for example, if z = 0.1, 


d = (0.1)(3 X 10°km/s)/(50 km/s + Mpc) 
600 Mpc 


or 300 Mpc if H = 100km/s + Mpc. The second 
important aspect of Hubble’s law is that almost all 
galaxies have redshifted spectra. (The only blue- 
shifts arise in a few nearby galaxies from either 
small random motions or because the Earth’s rest 
frame is itself in orbital motion about the center of 
the Milky Way.) Therefore, the galaxies are flying 
away from each other—the Universe is expanding. 


61,200 


The third aspect is related; galaxies at greater dis- 
tances are moving away faster than those that are 
near us. This effect is not acceleration but rather 
uniform expansion. 

Prior to Hubble’s discovery, essentially all phil- 
osophical thought about the dynamical state of the 
Universe held that it was static—neither expanding 
nor contracting. Indeed, Einstein’s 1916 theory 
of General Relativity was “doctored” with the in- 
clusion of the famous cosmological constant [see 
Sections 25-2(B) and 26-5] in order to “save” the 
theory. Einstein realized that his equations best de- 
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Figure 22-2 Hubble’s law. Plotted here are the galaxies 
shown in Figure 22-1. 


scribed a dynamically active Universe but could 
not at that time believe that it was possible. 

We emphasize that the simple relationship of 
Equation 22-3c holds only for nearby galaxies with 
small z. For values of z greater than about 0.8, cos- 
mological effects become important for converting 
redshifts to distances. For a flat Universe, the 


proper relationship is 
d = c2(1 + z/2)/H(1 + z)2 ~— (22-3d) 


Now we will compare Hubble’s law, Equation 
22-3b, with the distance-time relationship for mo- 
tion at a constant speed. This relationship is 


d= Vt 
so that 
t=d/V 
Compare this with Equation 22-3b 
1/H = d/V 
which implies that 
t = 1/H (22-4) 


This ¢ is the time since the expansion started, an 
“age” of the Universe—it is commonly called the 
Hubble time. Using a value of 50 km/s « Mpc for 
H and conversion factors to get everything in the 
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same units, we obtain the value of t = 1/H in 
years: 


o> 


= 1/H = 1/(50 km/s - Mpc) 

= [1/(50 km/s - Mpc)] X (10° pc/Mpc) 
x (3 X 103 km/pc) 

=6x 10!"s 

= (6 X 10!”s)/(3 X 107 s/year) 

= 2 X 10? years 


Our very simple method of estimating the age of 
the Universe is not quite correct. It does not ac- 
count for deceleration. One can obtain more accu- 
rate estimates for given models (see Chapter 25). A 
typical calculation would give an age estimate that 
is about 60-70% of the value in Equation 22-4. 


@ Parametrizing Equations with H 


Currently, there is considerable uncertainty among 
various evaluations of Hubble’s constant, so many 
of the equations that are frequently used have a 
corresponding uncertainty. Therefore, many as- 
tronomers write their equations in parametrized 
form using the definition 


H = 100hkm/s - Mpc 


The h is now a parameter having a value in the 
range 0.5 < h < 1.0. 

Let us look at a couple of examples. Equation 
22-3c becomes 


d = cz/H = 0.01vh™ Mpc (22-5) 


where v = cz is the redshift in symbolic velocity 
units of 10° km/s. 
Similarly, Equation 22-4 becomes 


= 1/H =1h1x 10 years (22-6) 


These new forms of the equations allow simple 
evaluations. Equation 22-6 is particularly reveal- 
ing. Note that for h = 1 (H = 100 km/s + Mpc), t 
is only 1 X 10? years, less than the inferred age of 
globular clusters. 


The Physical Meaning of the 
Cosmic Expansion 


The Hubble time just calculated is the time in the 
past when all galaxies, if no acceleration had oc- 
curred in their motions, were jammed together at 
the beginning of the expansion. We call this event 
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the Big Bang. Note that the Big Bang took place at 
a certain time, not at a certain place, because all 
parts of the Universe were close together at the Big 
Bang. Since then, the Universe has been expand- 
ing—but not into “empty” space: space itself ex- 
pands as time passes. Galaxies simply serve as lu- 
minous markers of this expansion. Hence, the 
redshifts of galaxies, although commonly called 
Doppler shifts, are not really so. They arise from 
the different distances of our cosmic markers, gal- 
axies, at different times in the history of the Uni- 
verse. Neither does the observed expansion imply 
that we lie at the center of the Universe. If the ex- 
pansion is uniform, then an observer on another 
galaxy would observe the same Hubble’s law. 

Finally, recognize that H is not really a con- 
stant; it must change with time because of the grav- 
itational effects the galaxies have on each other. In 
general, H decreases as the Universe ages. The val- 
ues of H mentioned in this chapter are for now, our 
epoch; they are usually written as Ho. 


@® Evaluating Hubble’s Constant 


The problem in finding H is to find the distance d 
accurately because redshifts z can be measured 
well. (Typical uncertainties in the determination of 
a galaxy’s redshift range from ~100 km/s for a low 
surface brightness object observed at optical wave- 
lengths, down to ~1 km/s for late-type objects ob- 
served in the 21-cm line by a radio telescope.) So 
what is the value of H? Basically, we don’t know 
yet to within a factor of 2! Estimates in the last ten 
years range from 50 to 100 km/s - Mpc. 


22-3 
DISTANCES TO GALAXIES— 
THE DISTANCE SCALE 


Building Up the Scale 


Now that we have seen the importance of the dis- 
tance scale, let’s examine in more detail how it is 
established and what implications its uncertainties 
have upon our knowledge of the Universe. The dis- 
tance scale is bootstrapped from direct measure- 
ments of planets and nearby stars through a vari- 
ety of techniques all the way out to some quite ten- 
uous methods that are used on the most distant 
galaxies. For galaxies, we must generally use in- 
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direct methods related to the brightness of objects 
and the inverse-square law of radiative intensity. 
The goal here is to calibrate the most luminous 
objects possible, those that can be seen at the great- 
est distances. 

By traditional methods described in Table 
22-1 and Figure 22-3, the calibration process starts 
locally in the Solar System and progresses by steps 
to span our Galaxy, the galaxies nearest to ours 
[called the Local Group; Section 23-1(B)], and 
more distant galaxies. Objects that are brighter than 
absolute magnitude zero can be used as distance 
indicators for galaxies within the Local Group. 
Galactic-cluster, main-sequence fitting is not useful 
even for nearby galaxies, but this method allows 
calibration of bright stars, such as OB stars and 
classical Cepheids. Although the methods listed in 
the second half of Table 22-1 allow us to find dis- 
tances to galaxies with large distance moduli, these 
distance indicators are substantially less reliable 
than those in the first half of the table. The power 
of the methods listed in the second part of the table 
lies in the very great brightness of the objects and 
in the subsequently large limiting distance moduli. 
The bright objects can give distances to galaxies 
well beyond the Local Group to other large clusters 
of galaxies, such as the Virgo cluster. Statistics from 
these clusters tell us about the luminosities (abso- 
lute magnitudes) of the brightest galaxies in a clus- 
ter and about the luminosity function within a clus- 
ter. Although there is some variation from cluster 
to cluster, the statistics are good enough to give a 
first approximation of distance. Distinct groupings 
appear at certain luminosities; for instance, the 
brightest galaxy in a large cluster is nearly always 
a giant elliptical. 

What kinds of galaxies serve as useful stan- 
dards? The candidates are often supergiant spiral 
galaxies with small nuclei and spread-out spiral 
arms, that is, Sc I galaxies. (M101 is such a galaxy.) 
Several teams have calibrated the absolute magni- 
tude of such galaxies as about —21.2, or 25 X 10° 
times the Sun’s luminosity. Seen in distant clusters, 
these galaxies are relatively easy to identify be- 
cause of their high luminosity and distinctive 
shape. With contemporary telescopes, they serve as 
standard candles to distances of roughly 400 Mpc. 
Giant elliptical galaxies are also used. Again, their 
luminosities must be calibrated by reference to 
some nearby galaxy or cluster whose distance is 
known by other techniques. Note that the lower 
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\ijaaweeee Distance Indicators 


levels of the distance pyramid (Figure 22-3) affect 
the outcome most strongly. 


@ The Best Modern Distance 
Determining Methods 


With the successful correction of the Hubble Space 
Telescope’s optical problems, there is renewed inter- 
est and optimism that we can resolve some of the 
uncertainty about the value of Hubble’s constant. 
Here we discuss in greater detail several methods 
that will help either by being recently developed 
or by fully employing the capabilities of the HST. 

Let’s review the features that would make 


study of a certain type of astronomical object par- 
ticularly useful for extragalactic purposes: 


1. The object would have to be highly luminous in 
order to be seen at great distances. 

2. It would have to be easily distinguished from 
the background of billions of stars in its host 
galaxy. 

3. It would have to be a “standard candle” in the 
sense that it must be able to be reliably cali- 
brated and have the same properties no matter 
what host galaxy it is found in. 

4. The dispersion in the distances predicted from 
its properties must be small. 
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Figure 22-3 The distance-scale pyramid. (Adapted from a diagram by P.W. Hodge) 


Cepheids 


In Section 18-2, we introduced the observations 
and physical basis for the P-L relationship for Ce- 
pheids. The determination of a Cepheid’s absolute 
magnitude from its period and the subsequent abil- 
ity to find the distance to the star’s host galaxy 
through its distance modulus is the fundamental 
method for extragalactic distance determinations. 

A more detailed examination of variable stars 
shows that, in reality, the Cepheid instability strip 
has a finite width in the H-R diagram so the period 
and luminosity are not precise functions of each 
other. Because the theoretical evolutionary paths of 
these stars is nearly horizontal and the paths can 
be traversed very rapidly but at different rates for 
stars of differing luminosities, the instability strip 


may not be filled uniformly. Evidence seems to 
support the view that the strip is best described as 
a wedge that is wider at the top than at the bottom. 

These considerations lead to a refinement—ex- 
tending the P-L relationship to a P-L-C relation- 
ship by adding a color term. The exact form is a 
matter of contention, but M.W. Feast and A.R. 
Walker offer an example as 


(My) = —3.53 logio P 


+ 2.13((Bo) — (Vo)) — 2.13 (22-7) 


The bracket notation, of course, means an average 
is taken, but in this case the average must be done 
in flux units and then converted to magnitudes. 
The zero subscript indicates that the colors must be 
dereddened. 
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Unfortunately, ground-based methods can 
only identify Cepheids out to a distance of about 
4 Mpc. For reasons shown in Chapter 23, this is not 
sufficient to determine Ho reliably. The improved 
HST will help by extending the range for reliable 
Cepheid work to at least 20 Mpc, which includes 
the Virgo cluster. This is still not really sufficient, and 
weneed to supplement the primary Cepheid method 
with the secondary methods discussed next. 


Globular Clusters 


We have abundant reasons to believe that the older 
Population II stars differ little from one galaxy to 
the next. (This is not true of Population I stars be- 
cause galaxies can have quite different metallici- 
ties.) Therefore, we have an excellent opportunity 
to find standard candles in Population II. One of 
the best means is to use the globular cluster lu- 
minosity function (GCLF). This luminosity function 
is significantly different from the stellar or gal- 
axian luminosity functions [Sections 14-2(A) and 
23-1(D)] in which we find ever-increasing numbers 
of objects at faint luminosities. In the case of the 
GCLF, the curve appears to be roughly gaussian 
with a functional form of 


im) = AeW(—mo)?/20° (22-8) 
Here A is a normalizing factor that can differ from 
galaxy to galaxy, but the turnover point mo seems 
to be an invariant and can therefore be used as a 
standard candle. 

Several studies have collected data from the 
Local Group, the Leo group, the Fornax cluster, 
and the Virgo cluster. The results are consistent 
and indicate that, in the B filter, 


(Mo) = —6.6 + 0.26 (22-9) 


Novae 


Because novae [Section 18-5(A)] are very luminous 
(My ~ —10 at maximum) and they belong to old 
stellar populations, they are also useful as standard 
candles. The technique here relies on the observa- 
tion that there is a relationship between the maxi- 
mum luminosity and its rate of decline. J.G. Cohen 
has found 


Myx = —9.96 — 231 log(m) (22-10) 
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where m is the mean rate of decline in units of mag- 
nitudes per day over the first two magnitudes. This 
is a good representation for galactic novae and pre- 
sumably for those in other galaxies also. 


Type la Supernovae 


Not all supernovae [Section 18-5(B)] are alike. 
They can come from several possible types of pro- 
genitor stars. However, the subclass of type Ia su- 
pernovae, which have no hydrogen or helium lines 
in their optical spectra, may come from progenitors 
that are very uniform throughout the Universe. 
These are thought to be carbon-oxygen white 
dwarfs that are near the Chandrasekhar limit. If 
they are in close binary systems, they may accrete 
enough material from their companions to exceed 
the limit and therefore collapse—triggering a ther- 
monuclear detonation that produces extremely lu- 
minous supernovae. One of the best estimates of 
their maximum luminosity is 


Mg = —18.33 + 0.11 + 5log(h) (22-11) 


The light curves of type Ia supernovae are thought 
to be driven by the radioactive decay of °°Ni and 
56Co. The dispersion of maximum luminosities is 
small, and it is probably caused by the small range 
in masses of the stellar cores that explode. 

Clearly, supernovae offer a unique opportunity 
for distance determinations. Their peak luminosi- 
ties are a substantial fraction of the luminosity of 
their host galaxies as a whole. Therefore, they can 
be seen at extreme distances. A major problem is 
that their appearance cannot be predicted, so 
searches tend to use much telescope time and may 
miss them in the short time from inception to max- 
imum light. 


The Tully-Fisher Relationship 


’R. Brent Tully and Richard Fisher found that the 


absolute magnitudes (in blue light) of spiral gal- 
axies and the spreads in frequency of their 21-cm 
HI emissions are tightly correlated. The wider the 
21-cm line, the greater the galaxy’s luminosity. The 
21-cm emission comes from the neutral gas in a 
spiral galaxy’s disk, which is broadened by rota- 
tional motion (generally in the range of 100-300 
km/s). So the Tully-Fisher (T-F) relationship is 
really one between rotational velocity and lumi- 
nosity. This, of course, makes physical sense; the 
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maximum circular velocity of gas particle orbits is 
determined by the mass interior to the orbit, and 
the luminosity of a galaxy is determined by the to- 
tal number of stars and hence depends upon mass. 

The success of this technique is highly depen- 
dent upon proper corrections. The first of these is 
to correct the rotational width of the 21-cm line 
We for inclination effects. It is also important to 
measure the widths in a consistent manner because 
the profile of the 21-cm line is not box-shaped. 
Should we measure the width from the peaks, half 
power points, 20% power points, or other arbitrary 
points? Additionally, the use of the T-F relation as 
originally found in blue light is known to be af- 
fected by dust internal to the galaxy being mea- 
sured. Therefore, it is much better to perform this 
measurement in the infrared (the IRTF method, see 
Figure 22-4). In the I and H bands, the calibrated 
relationships are 


M, = —8.72(log We — 2.50) 


— 20.94 + 0.10 (22-12) 


2.3 2.5 2.7 


log AV%, (0) 


Figure 22-4 The infrared Tully-Fisher relationship. 
Plotted here are infrared absolute magnitude versus ro- 
tational velocity for more than 200 spiral galaxies. The 
dashed line is the average of all values. (Adapted from a 
diagram by M. Aaronson) 
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and 


My = —9.50(log Wr — 2.50) 
— 21.67 + 0.08 (22-13) 


The Planetary Nebula Luminosity Function 


Planetary nebulae are very bright objects that come 
from no particular stellar population and are not 
associated with star-forming regions of galaxies. 
Therefore, they can be seen in both ellipticals and 
the unobscured parts of spirals. Because they emit 
about 15% of their light in the A5007 line, using a 
narrow band filter at this wavelength can suppress 
the stellar continuum and make the planetary neb- 
ulae stand out. In general, the luminosity of a plan- 
etary nebula can be well estimated from the A5007 
flux by 


M = —2.5 log(Fso07) — 13.74 (22-14) 


The usefullness of the planetary nebula luminosity 
function (PNLF) as a distance technique rests pri- 
marily on the observation that there is a universal 
cutoff at a luminosity M*. So M* for different gal- 
axies can be compared by determining their lumi- 
nosity functions that fit the form 


N(M) « e9:397M(1 — @3(*-M)) (22-15) 


The D, — co Relation 


This method was developed by D. Lynden-Bell, 
S.M. Faber, D. Burstein, R.L. Davies, A. Dressler, 
R.J. Terlevich, and Gary Wegner (LFBDDTW). They 
found a single descriptor D,, that is an excellent 
way of combining the information from luminosity 
and surface brightness into a single parameter. D,, 
is defined as the diameter of the circle in which the 
integrated surface brightness of an E galaxy is 20.75 
mag arcsec in the B photometric band. The ve- 
locity dispersion o is different at different radial 
distances from the galaxy nuclei and, therefore, 
needs to be corrected for aperture effects. After 
both D,, and o are known, the distance is given (in 
symbolic velocity units) by 


log(R-) = 1.20 log(a) — log(D,,) 


1 + 7/Az 


+ — ~,] + 14 22- 
oa rs oe 11 (22-16) 


Here the units of o are kilometers per second, and 
those of D,, are 0.1 seconds of arc. The cosmological 
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correction is based on the fact that the relationship 
was calibrated for the Coma cluster whose mean 
redshift is about 7000 km/s. 


Surface Brightness Fluctuations 


So far, we have emphasized the smoothness of the 
light distribution in elliptical galaxies; but, if we 
could see them with sufficient resolution, they 
would look very much like enormously large glob- 
ular clusters with individual stars. The discreteness 
of the stars causes an inherent graininess in the 
light from elliptical galaxies that is termed surface 
brightness fluctuations. Even if we cannot resolve the 
galaxies into individual stars, we can see variations 
in the brightness from pixel to pixel because each 
has only a few giant stars contributing most of the 
light that falls on the pixel, and there would be 
statistical variations in the numbers of these few 
stars. The stars that contribute most of the light are 
at the fluctuation magnitude m. Two galaxies at dif- 
ferent distances cannot be distinguished by the av- 
erage brightness of a pixel at a given location in the 
galaxy because the surface brightness of objects is 
distance-independent. This happens because the 
number of stars contributing to a given pixel in- 
creases as d2, but their fluxes decrease as d~2. How- 
ever, the more distant galaxy would appear 
smoother, so the fluctuations can be used to mea- 
sure distance. 

Obviously, much care must be taken to ensure 
that the regions of galaxies used to measure fluc- 
tuations have to be free of other causes of light var- 
iation such as internal dust patches. This is best 
done through B filter observations because blue 
light is most affected by dust. However, after the 
regions are identified, the data are best observed in 
the infrared because the cool giants that contribute 
most of the light are brightest at long wavelengths. 
It is important for the observations to have a long 
enough exposure time for there to be 5 to 10 pho- 
tons measured per star of magnitude m. Formally, 
the mean luminosity L is defined as 


a» Sake 


i = 
> nil; 


J. Tonry has calibrated this method and, based on 
M31, M32, and NGC 205, found in the I band that 


M, = —4.84 + 3.0(V — 1) (22-17) 
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where the V — I color is that of the galaxy as a 
whole. 


A Better Understanding 
of Elliptical Galaxies 


We return now to see if we can achieve a better 
understanding of elliptical galaxies. If we make the 
simple and reasonable assumptions that all ellipti- 
cals have the same surface brightness, that their lu- 
minosities scale as their radii in the form L « R2, 
that they all have the same M/L ratios, and that the 
virial theorem applies (in the present notation 
a? « M/R), then we can directly arrive at the im- 
portant relation discovered by S.M. Faber and R.E. 
Jackson that L « o4. Clearly from the virial theo- 
rem, this makes physical sense because the lumi- 
nosity of a galaxy is related to the total number of 
stars and hence the gravitational potential energy 
while the velocity dispersion is related to the ki- 
netic energy. We see that this could, in principle, 
be used directly for distance determinations if 
properly calibrated. However, S. Djorgovski and 
the group LFBDDTW suggested that there is a fun- 
damental plane that ellipticals occupy in the three- 
dimensional space whose axes are log I, log Re, 
and log o where I, is the surface brightness within 
the half-light radius R,. The equation of the fun- 
damental plane is 


R.« o}367,-0.85 (22-18) 


which leads to a modified Faber-Jackson relation of 
L « g27],-07 


Because the ellipticals occupy a two-dimensional 
plane in this space, there are only two independent 
parameters of the three observables. The definition 
of D,, allows us to see the plane almost edge-on and 
is, therefore, the most sensitive luminosity indica- 
tor and hence is a better distance estimator than 
the original Faber-Jackson relation. As good as the 
D, — @ relation appears to be, it is still unreliable 
for individual galaxies and works best if a number 
of ellipticals can be used to determine a cluster 
mean. 

Physically, this discussion ultimately leads to 
the conclusion that the present-day state of ellipti- 
cals is determined almost exclusively by the virial 
theorem and is independent of the specifics of how 
the galaxies formed. Of the other distance-deter- 
mining methods already discussed, the IRTF is the 
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most similar because it indirectly measures the ki- 
netic and potential energy contributions to the vir- 
ial theorem. However, spirals do not behave as 
predictably as ellipticals do, and there seems to be 
a significant contribution to the present-day state 
of spirals that comes from the physics of their 
formation. 


A Resolution to the Value of Ho? 


With the powerful techniques listed in the preced- 
ing section, can we finally determine Hubble’s con- 
stant to better than a factor of two uncertainty? His- 
torically, the broad range in Hp was dominated by 
two groups. A. Sandage and G. Tammann reported 
values of Ho lying between 50 and 60 km/s/Mpc, 
and G. deVaucouleurs found the value to be 90- 
100 km/s/Mpce. The uncertainties reported by each 
group were so small that the value found by 
the other was well outside of the range deemed 
possible. 

Today, the situation is somewhat less bimodal. 
The range of published values of Ho is nearly con- 
tinuous and ranges from 45 to 90 km/s/Mpc. There 
are three basic reasons for the disagreements. The 
first is the lack of nearby calibrators for most meth- 
ods. For example, the nearest Cepheids are about 
200 pc from the Sun, so direct calibration by stellar 
parallax is virtually impossible. For the IRTF rela- 
tion, there are about 15 galaxies with reliable dis- 
tances calibrated by Cepheids and RR Lyrae stars, 
but these do not extend beyond 10 Mpc. For the 
D, — o relation, there are no useful ellipticals in 
the Local Group, and there are only five or six clus- 
ters or groups within 20 Mpc with good calibration. 
The second reason for the discrepancy is that the 
expansion of the Universe—the Hubble flow—is 
nonuniform out to a distance of perhaps 50-100 
Mpc. This is a result of bulk motions and is dis- 
cussed more in Chapter 23. Different groups use 
different assumptions about the corrections that 
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must be applied for these motions. Finally, there 
are systematic differences among the different 
methods. The type Ia supernovae results and com- 
parisons of ScI galaxy luminosities favor the 
smaller values of Ho, but the IRTF, D, — o, GCLF, 
PNLF, and surface brightness fluctuation methods 
favor the larger values. Most workers in this field 
would admit that we still do not have a definitive 
answer, but values of Ho in the range 80-85 km/s/ 
Mpc seem to be somewhat favored at this time 


_ even though they imply an age for the Universe 


that seems impossibly short. One possible resolu- 
tion to the age problem will be discussed in Sec- 
tion 26-5. 


F conkent Application | 


Cepheids and the HST 


Ground-based photometry of Cepheids is limited 
to distances of about 4 Mpc; this small range affects 
our ability to calibrate techniques for measuring 
Ho. Consider in more detail how the HST might 
help with this problem. 

We expect reliable HST photometry down to 
V = 27.0. For short-period, lower-luminosity Ce- 
pheids, we calculate the distance range by adopting 
B — V = +0.5 for stars with periods of 10 days. 
From Equation 22-7, we then find that (My) ~ 
—4.6. The distance modulus for the HST limit is 
therefore m — M = 31.6, which corresponds to a 
distance (via Equation 11-6) of 21 Mpc. 

The volume included in potential HST studies 
is about 150 times larger than that of the ground- 
based techniques. Within this volume lies most or 
all of the Local Supercluster [Section 23-2(A)] with 
many thousands of candidate galaxies that could 
be observed. For longer-period, higher-luminosity 
Cepheids, the potential volume is even larger. 
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Hubble’s Law and the Distance Scale 


by Equations & Cont; 


The P-L relationship for classical Cepheids is the foun- 
dation upon which the extragalactic distance scale is 
built. 


Hubble’s law, v = Hd, provides a means of calculating 
distances to galaxies and shows that the Universe is 
expanding uniformly. The age of the Universe is given 
by t ~ WH. 


The Hubble Space Telescope will provide us with much 
better data for determining distances. The best modern 
distance methods primarily employ finding absolute 
magnitudes in the following manner: A refinement to 
the Cepheid P-L relationship is a P-L-C relationship 
(adding a color term). One form is 


(My) = —3.53 logio P + 2.13((Bo) — (Vo)) — 2.13 


The globular cluster luminosity function has a peak lu- 
minosity; we find that 


(My) = —6.6 + 0.26 


The maximum rate of decline of a nova over the first 
two magnitudes yields a luminosity of 


My™* = —9.96 — 2.31 log(m) 


Type Ia supernovae have a maximum luminosity of 


Mg = —18.33 + 0.11 + 5 log(h) 


The infrared Tully-Fisher relationship provides lumi- 
nosities based on Wa, the rotational width of the 21-cm 
line, given by 


M; = —8.72(log We — 2.50) — 20.94 


I+ 


0.10 


and 


My = —9.50(log Wr — 2.50) — 21.67 + 0.08 


The luminosity function of planetary nebulae has a cut- 
off point that can then be converted into luminosities 
by observation of the A5007 [O III] emission line by 


M = -2.5 log(Fs007) — 13.74 


The D, — o relation for elliptical galaxies shows a 
strong correlation between the internal stellar velocity 
dispersion of the galaxy and the diameter of a circle at 
an isophotal level of 20.75 mag/arcsec in the B filter. 
The distance (in velocity units) is found from 


log(Re) = 1.20 log(a) — log(D,,) 
1+ 7/z _ 


+ ————_] + 1. 
oe + ras es 


The pixel-to-pixel statistical fluctuations in brightness 
of elliptical galaxy images comes from stars at a fluc- 
tuation magnitude whose luminosity is 


M; = —4.84 + 3.0(V — I) 


Elliptical galaxies have been found to lie in a two- 
dimensional plane in the 3-space defined by log I,, 
log R,-, and log o. Simple assumptions about elliptical 
galaxy properties lead from the fundamental plane to 
an explanation of the Faber-Jackson relation L « o*. 
Unlike spirals, in which the current physical state is 
heavily influenced by the conditions at the time of gal- 
axy origin, ellipticals seem to be primarily influenced 


‘ by more basic energetic fundamentals such as the virial 


theorem. 


°c: rrr 


1. An approximate distance for the separation between 
our Galaxy and the Magellanic Clouds is 50 kpc. 
What will be the observed apparent magnitude for 
the following stars in the Magellanic Clouds: 


(a) an RR Lyrae variable with a period of 0.5 day 

(b) a classical Cepheid with a pulsation period of 100 
days 

(c) a Population II Cepheid with a ten-day period 


. What methods of distance determination are most 
useful for finding the distance to 

(a) the Pleiades 

(b) a globular cluster in our Galaxy 

(c) the Large Magellanic Cloud 

(d) M31, the Andromeda Galaxy 

(e) the Virgo cluster of galaxies 

(f) the Hercules cluster of galaxies 

(g) our Sun 

(h) the nucleus of our Galaxy 


. The Ca II K stellar absorption line has a rest wave- 
length of 393.3 nm. In a particular galaxy, the Ca II 
K line is observed at a wavelength of 410.0 nm. What 
is the distance to the galaxy, assuming 

(a) H = 50 km/s - Mpc 

(b) H = 100 km/s - Mpc 


. How would the derived age of the Universe (Equa- 

tion 22-4) change if 

(a) the expansion is decelerating (H decreasing with 
time) 

(b) the expansion is accelerating (H increasing with 
time) 

(c) What observations could be made to determine 
if either of these possibilities is correct? 


. Most of the nearest galaxies do not obey Hubble’s 
law. Explain why. 


. Devise a lecture demonstration of Hubble’s law us- 
ing some easily attainable elastic materials. 


. Plot Equation 22-3d for redshifts up to z = 5. 


. We often use the equation m — M = 5 log(d) — 5 to 
obtain absolute magnitudes for distant galaxies. The 
distance d is usually estimated by Hubble’s law. 
Parametrize this equation by using h from Section 
22-2(B). 


. Table 22-1 lists a number of types of objects used as 
distance indicators. What is the maximum distance 
of detectability for each of these indicators for a tele- 


10. 


11. 


12. 


13. 


14. 
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scope with a limiting magnitude of +25? (The Hubble 
Space Telescope will be able to detect objects of this 
brightness.) 


Show that for small values of z, Equation 22-3d re- 
duces to Equation 22-3c. 


For relatively nearby galaxies, the hydrogen Balmer- 
alpha line can be redshifted out of the visible part of 
the spectrum. 

(a) For what redshifts would the Balmer-alpha line 
of hydrogen be shifted out of the visible into the 
infrared portion (A > 720 nm) of the electromag- 
netic spectrum? 

(b) To what distances does this correspond? Express 
your answer in terms of the Hubble parameter h. 

(c) To what distances do these correspond for a 
Hubble constant H = 100 km/s - Mpc; for H = 
50 km/s + Mpc? 


For relatively distant galaxies (and quasars—see 
Chapter 24), the hydrogen Lyman-alpha line can be 
redshifted into the visible part of the spectrum. 

(a) For what redshifts would the Lyman-alpha line 
of hydrogen be shifted out of the ultraviolet into 
of the visible portion (A ~ 390-720 nm) of the 
electromagnetic spectrum? 

(b) For a flat Universe, to what range in distance do 
these redshifts correspond? Express your answer 
in terms of the Hubble parameter h. 

(c) To what distances do these correspond for a 
Hubble constant H = 100 km/s - Mpc; for H = 
50 km/s - Mpc? Compare these distances to the 
age of the Universe. 


For a classical Cepheid, estimate the uncertainties in 
the distances derived by Equation 22-7 if the slope 
of the P-L relationship were uncertain by 3%. 


If a nova were seen in the Large Magellanic Cloud 
with V = 10.8 and the maximum rate of decline over 
the first 2 magnitudes was found to be 0.1 mag/day, 
what would be your estimate of the distance to the 
LMC? 


Large-Scale Structure 
in the Universe 


S° far we have only hinted at the large-scale lay- 
out of matter in the Universe. Recent observa- 
tions have revolutionized the picture, changing it 
from one in which galaxies congregated in spheri- 
cal clusters imbedded in a uniform background of 
galaxies to one in which chain-like superclusters 
snake among vast voids of space. This chapter 
deals with that structure, which may be the undis- 
torted fossil of an earlier stage in the Universe’s 
evolution. 


23-1 
CLUSTERS OF GALAXIES 


Most galaxies—maybe all—are members of some 
type of cluster. The Milky Way Galaxy is one of the 
dominant members of the Local Group of galaxies, 
which in turn is part of a local supercluster that 
also includes the rich Virgo cluster. 


Types of Clusters 


There are different ways of defining categories of 
galaxy clusters, but the simplest is that of George 
Abell, who separates rich clusters into regulars and 
irregulars. Regular clusters tend to be giant sys- 
tems with spherical symmetry and a high degree 
of central condensation; they frequently contain 
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many thousands of member galaxies, of which per- 
haps 1000 are brighter than absolute magnitude 
—15. Almost all members of regular clusters are ei- 
ther elliptical or SO galaxies, whereas irregular 
clusters contain a mixture of all types of galaxies. 
Among the irregular clusters of galaxies are in- 
cluded (1) small groups, such as our own Local 
Group, (2) loose aggregates of subgroups with sev- 
eral centers of condensation, and (3) fairly large but 
diffuse clusters. The luminosity function for gal- 
axies in clusters (the number of galaxies per inte- 


grated magnitude interval) indicates that there is a 
great preponderance of faint galaxies. 


@ The Local Group of Galaxies 


Our Milky Way Galaxy and the Andromeda Gal- 
axy (M31) dominate the small group of galaxies re- 
ferred to as the Local Group, which contains at 
least 20 members (Table 23-1). The other members 
are fainter and less massive and to some extent 
seem to be concentrated around one or the other of 
the two largest spiral galaxies. A wide range of gal- 
axy types is included in the group, from the three 
major spirals (our Galaxy, M31, and M33) to the 
dwarf ellipticals and irregulars. Most of the galax- 
ies are dwarfs with low mass and luminosity. The 
Local Group spans about 1 Mpc along its largest 
dimension (Figure 23-1). 

The importance of the Local Group lies not 
only in the fact that it is the closest cluster but also 
that the study of its individual galaxies enables us 
to learn a great deal about the characteristics of gal- 
axies; we may then use this knowledge to extrap- 
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olate to the more distant galaxies. Local Group 
members also serve as critical calibrators for the 
distance scale. Finally, we point out that, in com- 
parison with other clusters, the Local Group does 
not contain a large number of galaxies, nor are 
many of these very massive. 


Other Clusters of Galaxies 


Other clusters range from compact groups to rather 


_loose collections. Several are listed in Table 23-2. 


The Fornax cluster, one relatively close to us, con- 
tains many types of galaxies even though the total 
number is only 16. The huge Coma cluster spreads 
over at least 7 Mpc of space and contains thou- 
sands of galaxies. From these observations, we 
know that a typical cluster contains about 100 gal- 
axies brighter than M = —16 and is separated by 
tens of millions of lightyears from its neighboring 
clusters. Under the Abell classification, the Coma 
cluster (Figure 23-2) is a regular cluster. Two large, 
bright elliptical galaxies lie near the center, about 
which the others seem to concentrate; other rich, 


ITABLE 23-1) Selected Members of the Local Group 


Name Type 


M31 = NGC224 Sb 


Galaxy Sb or Sc 
M33 = NGC598 Sc 
LMC* IrrI 
. SMC* Irr I 
NGC205 E6p 
M32 = NGC221 E2 
NGC6822 Irr I 
NGC185 dEO 
NGC147 dE4 
1C1613 Irr I 
Fornax dE3 
Sculptor dE3 
Leo I dE3 
Leo II dEO 
Ursa Minor dE6 
Draco dE3 


Radial 
Distance Mass Velocity 
M (kpc) m-M (Mo) (km/s) 
—21.1 690 24.6 3 x 10! —267 
=2il 8.5 14.7 7 x 101 — 
-18.9 690 24.6 4 x 10° —190 
-18.5 50 18.6 6 Xx 10? +275 
-16.8 60 19.1 1.5 x 10° +163 
—16.4 690 24.6 _ Psy) 
—16.4 690 24.6 2 x 10° —220 
-15.7 460 24.2 1.4 x 10° —34 
-15.1 690 24.5 _— —270 
-14.8 690 24.5 _ — 
-148 740 24.5 4 x 108 —235 
-13.0 188 21.4 2 x 107 =1f3) 
hey, 84 19.7 3 x 10° = 
—11.0 220 21.8 3 x 10° a 
=O: 220 21.8 10° _ 
-8.8 67 19.5 10° —_ 
—8.6 67 19.6 10° — 


*LMC = Large Magellanic Cloud; SMC = Small Magellanic Cloud. 
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Figure 23-1 The Local Group. (A) A 
top view projected on the plane of our 
Galaxy. (B) A side view. Note the con- 
centrations around our Galaxy and 
M31. 


23-1 Clusters of Galaxies 449 


I TABLE 23-2] Selected Clusters of Galaxies 


Redshift Remarks 
Name Abell # a(2000) 6(2000) (cz, km/s) (SC = Supercluster) 
Perseus 426 3518.6" +41°32’ 5460 Perseus SC 
Hydra 1060 10'36.9™ Oey 3000 Hydra-Centaurus SC 
Virgo 124 30™ +12° 23’ 1200 Local SC 
Centaurus 12’ 50" —41° 18’ 3200 Hydra-Centaurus SC 
Coma 1656 12459.8m —27° 59’ 6647 Coma/A1367 SC 
Corona 
Borealis 2065 15 22.7m +27° 43’ 21,600 

Hercules 2151 + 2152 1605.2" = +17° 43’ 11,200 Hercules SC 

2199 16 28.6™ +39° 31’ 9200 A 2197/2199 SC 


regular clusters, such as A2199, are dominated by 
cD galaxies, which are supergiant, elliptically 
shaped galaxies with extensive halos. Examples of 
irregular clusters are the Local Group, the Hercules 
cluster (Figure 23-3), and the Virgo cluster. Of the 
205 brightest galaxies in the Virgo cluster, the four 


Figure 23-2 Central region of the Coma cluster. (Na- 
tional Optical Astronomy Observatories) 


brightest are giant ellipticals, but ellipticals make 
up only 19% of the total, whereas 68% are spirals. 
The Virgo cluster covers about 7° in the sky, which, 
with its distance of 15.7 Mpc, implies that its di- 
ameter is some 2 Mpc. 

The most widely used catalog of clusters is the 
one compiled by Abell. From his examination of 
the Palomar Sky Survey, he found 2712 clusters. 
His richness classification is based on the number 
of galaxies within 2 magnitudes of the third bright- 
est cluster member. Richness class 1 clusters have 
50-79 galaxies satisfying the criterion, while rich- 
ness class 5 clusters (only one is known) have at 
least 300. All counts were made within an angular 
distance that was adjusted to the cluster’s esti- 
mated distance (judged from the tenth brightest 
cluster member), so the same physical volume 
should have been studied for all clusters. Although 
many clusters known prior to this work have 
proper names—such as Coma, Hercules, Perseus, 
and Corona Borealis—references in the literature 
are often made to the Abell number. For example, 
Coma is A1656. We note in passing that the Virgo 
cluster does not appear in Abell’s catalog. This is 
partly because it is too close; Abell excluded very 
near clusters that had large angular extent, but 
Virgo also may not be rich enough! 


@ Clusters and the Galaxian 
Luminosity Function 


The local stars have a luminosity function; that is, 
a certain number of stars can be found in a given 
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Figure 23-3 Central region of the Hercules cluster. 
(Palomar Observatory, California Institute of Technology) 


range of luminosity or absolute magnitude. The ba- 
sic trend is that there are many fewer extremely 
luminous (OB) stars than low-luminosity (M V) 
stars [Section 14-2(A)]. A similar hierarchy exists 
for galaxies in clusters. In the Local Group, only 
three galaxies are highly luminous (the Milky Way, 
M31, and M33); most galaxies in the Local Group 
are dwarf, low-luminosity galaxies. So galaxies 
have a luminosity function somewhat like that of 
stars. 

Clusters provide a direct way of determining 
the luminosity function of galaxies, for you can see 
a wide range all at once. You can count the number 
of galaxies in specific apparent-magnitude ranges, 
from the brightest to the faintest. Because every 
galaxy in a cluster lies at about the same distance, 
a plot of number versus apparent magnitude trans- 
lates into a plot of number versus absolute magni- 
tude once you know the distance to the cluster. 
(Abell thought that this process might be reversa- 
ble; perhaps fitting luminosity functions could lead 
to a new method of distance determination. It does 


Large-Scale Structure in the Universe 


not work well, however.) The main drawback here 
is that dwarf galaxies are undercounted because 
they are so faint at great distances. Abell deter- 
mined the integrated luminosity functions of a few 
clusters and found that the number of bright gal- 
axies falls off very rapidly as the luminosity in- 
creases (Figure 23-4). This behavior tells us that 
there are many more low-luminosity galaxies in a 
cluster than high-luminosity ones. 

Let’s examine the concept of luminosity func- 
tion (1.f.) in a bit more detail. We do so because if 
we know the Lf. for clusters, then we can determine 
(1) the (unobserved) dwarf galaxy populations in 
clusters, (2) the mass distributions in clusters, and 
(3) perhaps the distances to clusters. A basic lu- 
minosity function gives the number of galaxies per 
luminosity (or magnitude) interval per unit volume 
of space. The exact expression of the function can 
take many forms. Paul Schechter has proposed an 
analytical form for the differential 1.f. that seems 
useful and appropriate to a wide variety of samples 
of galaxies: 


@(L)dL = &*(L/L*)* exp(—L/L*) d(L/L*) (23-1) 


where ®(L) is the density of galaxies in the range 
from L to L + dL, ®* is the normalization param- 
eter, L* is a characteristic luminosity at which the 
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Figure 23-4 Luminosity function of galaxies. Number 
of galaxies in a magnitude interval versus magnitude in- 
terval, with an arbitrary zero. (Adapted from a diagram by 
G. Abell) 


slope of the function changes rapidly (at Mpg = 
—19.4), and a@ is the slope of a plot of log ® versus 
log L (for L < L*). Typically, for rich clusters, a = 
—5/4 and 


@* = 0.005(Hp/50)3/Mpc3 


See Figure 23-5 for a graph of such a function. 
It’s difficult to estimate the masses of these 
clusters. Not all the material in them can be seen, 
and so adding up all the observable galaxies gives 
a lower limit to a cluster’s mass. On the other hand, 
if the cluster is assumed to be gravitationally 
bound, the motions of its members establish an up- 
per limit on its mass. Masses range from 10? to 
10°5Mo. However, it is not possible to tell if all 
clusters are bound and stable or if they are unstable 
and expanding. If they are not stable, the mass es- 
timates fall into the lower end of the range. 


Galaxian Cannibalism 


A remarkable fact about clusters is that—relative 
to the sizes of the galaxies in them—the galaxies 
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Figure 23-5 Schechter luminosity function. (Adapted 
from a diagram by P. Schecter) 
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are spaced close together. Compare galaxian spac- 
ings with those of planets and stars. In the Solar 
System, planets are spaced out about 10° times 
their diameters. In the Galaxy, stars are spaced 
about 10° times their diameters. In a cluster, how- 
ever, the spacing is only 100 times a typical gal- 
axy’s diameter. Now, if in relative terms galaxies 
are so close, consider also that the most massive 
galaxies (supergiant ellipticals) are at least 107 
times more massive than the least massive ones (ir- 
regulars and dwarf ellipticals). Tidal forces could 
cause the largest galaxies to disrupt the smaller 
ones strongly enough to destroy their structure and 
then pull the pieces in. This devouring of a smaller 
galaxy by a larger one has been called galaxian can- 
nibalism. (Current usage of galactic refers to the 
Milky Way; galaxian is the adjective used for gal- 
axies in general.) 

What observations support this idea? Some 
point to supergiant cD galaxies as a special class of 
galaxies. Their peculiar properties include (1) ex- 
tensive halos, up to 1 Mpc in diameter, (2) multiple 
nuclei (sometimes), and (3) location at the center of 
clusters. These observed properties plus theoretical 
calculations of the motions of these galaxies in clus- 
ters suggest that the cD galaxies result from can- 
nibalism, that is, from close encounters at the cen- 
ters of clusters or the infall of material tidally 
stripped from other cluster members. Dynamical 
friction may also play a role. These processes all 
assume that the growing galaxies lie in the center 
of the gravitational potential well of a cluster, so 
that material freed from other galaxies congregates 
there. 

Some observations support this notion: (1) cD 
galaxies do lie at the centers of clusters—within 200 
kpc, which is about the diameter of a cD galaxy, 
and (2) photometry of the inner parts of cD galaxies 
indicates that they have the same properties as E 
galaxies. This observation backs up the scenario 
that cD galaxies were once E galaxies that added 
material to create their extensive halos. 

At least 50% of cD galaxies have more than one 
nucleus. Might these be the leftovers from canni- 
balism? Recent observations suggest so. Doppler- 
shift data indicate that the nuclei within a cD move 
at relative speeds of about 1000 km/s. In contrast, 
the stars within a cD galaxy move in orbits at about 
300 km/s. Hence, the nuclei do not share the stellar 
dynamics in a cD galaxy. They are moving much 
faster, and their velocities carry them far away 
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Figure 23-6 Tidally interacting galaxies. NGC4038 and 
4039 are interacting by tidal forces, which result in the 
streaming tails. (Palomar Observatory, California Institute 
of Technology) 


from the center of the galaxy. So the nuclei may be 
normal elliptical galaxies that have come close to 
and passed through the cD galaxy. Dynamical fric- 
tion has decreased their orbital energies so that 
they are now bound to the cD galaxy. 

Although galaxies may not actually merge, 
they certainly undergo close encounters and inter- 
act by tidal forces. Such interactions would have 
some general effects. First, as illustrated by the 
Earth’s tidal bulges, matter would be pulled out in 
bulges on both sides of each galaxy. Second, be- 
cause galaxies rotate, their material would conserve 
angular momentum after a tidal encounter and 
move off in arc-shaped streams. So we expect that 
tidal bridges may join two tidally interacting 
galaxies, and tails may flow away from each in 
opposite directions. Have such interacting gal- 
axies been seen? Many galaxies with peculiar 
shapes—those that do not fall into the standard 
Hubble form—show some of the characteristics of 
tidal interactions. An excellent example is the pair 
NGC4038 and 4039 (Figure 23-6). Here is visible a 
bridge of material between the galaxies and tails 
heading off in opposite directions. Computer sim- 
ulations of such an encounter show that similar 
structures should result from the gravitational in- 
teractions. The peculiar galaxy M82 likely had its 
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star formation triggered by a tidal interaction with 
M81 (Figure 23-7). 


23-2 
SUPERCLUSTERS 


Does the Universe have a higher level of organi- 
zation than clusters of galaxies? Are there clusters 
of clusters—superclusters? For some years, astron- 
omers were extremely skeptical about the reality of 
superclusters. Before observations confirmed that 
reality, the standard picture was that of mostly 
spherical clusters imbedded in a very uniform dis- 
tribution of isolated, noncluster galaxies. Recently 
that view has rapidly changed to one in which su- 
perclusters have a strung-out, filamentary structure 
hundreds of megaparsecs long. Between them lie 
vast voids, empty of luminous matter such as gal- 
axies. The superclusters may be interconnected— 
the fundamental network of the Universe. 


Discovery 


Once Hubble had shown in 1924 that the Universe 
is filled with galaxies, clusters were also known to 


Figure 23-7 The galaxies M82 (top) and M81 (bottom). 
The activity of M82 may be the result of a tidal interac- 
tion. (National Optical Astronomy Observatories) 


exist—they are that obvious! Some are so rich that 
many hundreds appeared on a single photographic 
plate as Hubble was amassing his great collection. 
Several contemporaries speculated that there might 
exist larger structures—clouds of clusters in an 
older terminology. (Today, we use superclusters to 
refer to systems containing multiple galaxy clus- 
ters.) For example, Harlow Shapley pointed out 
that there were more galaxies and clusters seen in 
the North Galactic Hemisphere than in the South. 
Also, while searching for Pluto, Clyde Tombaugh 
noted many possibly associated concentrations of 
clusters in what is now known as the Perseus su- 
percluster. Still, Hubble thought that his photo- 
graphic surveys established large-scale homogene- 
ity, and his reputation was such that most 
astronomers held the same view. 

Starting in the 1950s, new, wide-field studies 
with telescopes such as the Palomar Schmidt (lead- 
ing to the Palomar Observatory Sky Survey—a 
crucially important tool for studying clusters) led 


Figure 23-8 Galaxy cluster- 
ing. This plot of more than one 
million galaxies shows filamen- 
tary structures in two dimen- 
sions. (P.J.E. Peebles) 
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the way to further two-dimensional analyses (few 
redshifts being known at the time). George Abell 
and Fritz Zwicky compiled catalogs of clusters, and 
Donald Shane and Carl Wirtanen examined the sta- 
tistics of galaxy counts. They counted galaxies 
brighter than magnitude 19 in 1/6° squares in the 
northern sky—some million galaxies in a survey 
that took 12 years. The map (Figure 23-8) shows 
that clusters of galaxies interconnect in a chain-like 
fashion—the explosive imprint of the Big Bang. 
(But note that this map is a two-dimensional pro- 
jection of three-dimensional structure, so that not 
all the chains are real.) 

All these analyses except Zwicky’s concluded 
that larger structures existed, but Zwicky’s clusters 
often had multiple concentrations. Many astrono- 
mers believed that superclusters existed, and the 
implicit assumption was that they would have 
spherical symmetry. A core/halo model was suggested 
with a rich cluster surrounded by groups and iso- 
lated galaxies. 
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One reason for this model was the persistent 
work of Gerard deVaucouleurs who described the 
Local Supercluster in similar terms. The dominat- 
ing cluster was Virgo, and the Local Group was 
one of the outlying components. Strict spheri- 
cal structure was known not to hold because 
deVaucouleurs had defined a plane (the superga- 
lactic plane) along which the galaxies concentrate. 

The next major step in the search for very large 
structures came in the 1970s with the widespread 
introduction of image intensifying tubes. These de- 
vices amplified faint light signals by factors of 
10°-105. Several groups employed these devices in 
a new technique of making statistically complete 
redshift surveys in relatively large-area regions of 
the sky. S. Gregory, L. Thompson, and W. Tifft 
were the first to actually demonstrate with three- 
dimensional positions the existence of external su- 
perclusters. They showed that the Coma and A1367 
clusters (separated by about 20° in the sky) were 
joined together by a bridge of galaxies and small 
clusters. In their work, they also surveyed the fore- 
ground and background galaxies because they had 
no a priori knowledge of membership. This led to 
the serendipitous discovery that a large region in the 
foreground was remarkably empty. Quickly, other 
superclusters were found; G. Chincarini, H. Rood, 
and M. Tarenghi joined in demonstrating the 
second—in Hercules. Another was soon found in 
Perseus and another in the South in the Hydra/ 
Centaurus region. All these supercluster studies 
also found the empty regions, and the term void 
was universally adopted. 

In the following decade, many more examples 
of voids and superclusters were found. R. Kirshner, 
A. Oemler, P. Schechter, and S. Shectman found a 
much larger void (10°-10° Mpc’) in the direction of 
Bootes. D. Batuski and J. Burns, analyzing the Abell 
clusters, compiled a catalog of possible superclus- 
ters and voids. One of their voids covered much of 
the Northern Galactic Hemisphere and included 
the Bootes void as a small corner! They also found 
the largest-scale structure presently known (Figure 
23-9). This supercluster has a length of approxi- 
mately 1 billion lightyears and includes the Perseus 
supercluster as one small part. 

RB. Tully and R. Fisher have thoroughly ex- 
plored the three-dimensional structure (see Figure 
23-10) of the Local Supercluster by obtaining 
21-cm redshifts of a large number (more than 2200) 
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Figure 23-9 Perseus—Pegasus supercluster filament. 
Circles show the location of Abell clusters projected 
against the sky. The dashed contour outlines the fila- 
ment. (J. Burns and D. Batuski) 


of late-type galaxies. They discovered a rich, con- 
voluted structure that breaks into two main clouds 
with streamers—thin, cigar-shaped clouds— 
emerging above and below the central plane. Most 
of the Supercluster is empty space; 98% of the vis- 
ible galaxies are contained in just 11 clouds that fill 
a mere 5% of the overall volume. Yet, the clouds 
do delineate a disk structure, with a width about 
ten times its thickness—a cosmic pancake. The 
Virgo cluster is the densest concentration of gal- 
axies in Figure 23-10. Note that it is not obviously 
the center of the structure although the figure is 
misleading because it is centered on our position. 


’ Virgo may not dominate the Local Supercluster. 


Figures 23-11 and 23-12 illustrate wedge dia- 
grams or cone diagrams (if you think in three di- 
mensions) for galaxies in the Coma and Hercules 
regions, respectively. This type of diagram uses 
redshifts as a distance axis, and voids and super- 
clusters appear as empty regions or clumpy regions 
in redshift space. 

One tool for studying the statistics of large- 
scale structure is by n-point correlation functions. 
In practice, higher-order functions than the two- 
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Figure 23-10 The Local Superclus- 
ter. This map is a top view that 
roughly corresponds to the plane of 
our Galaxy. Each dot represents one 
galaxy. The wedges indicate regions 
of the sky obscured by dust in our 
Galaxy. (Adapted from a diagram by 
R.B. Tully) 
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Figure 23-11 The Coma super- 
cluster. This wedge diagram in- 
cludes parts of the Local Super- 
cluster (clumped objects near the 
vertex) and the Coma/A1367 su- 
percluster (at a redshift of about 
7000 km/s). Note the empty void 
regions and the elongated appear- 
ance of rich clusters caused by 9 
high-velocity dispersions within 00 
the clusters. 
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point correlation are rarely used. The defining 
equation is 


aP = nfl + g(r)] &V 


where n is the mean volume number density of gal- 
axies. Then ¢(r) (the two-point correlation func- 
tion) gives the excess probability (compared to ran- 
dom chance) of finding a galaxy in the volume 
6V. Generally, ¢(r) has the form 


Cr) = 47h 1118 


This is generally valid for r in the range of 2-25 
Mpc. The smoothness of the functional form of the 
correlation function shows that there is no pre- 
ferred length scale, and the large range in distances 
shows nonrandom distributions at scale lengths 
much larger than clusters. The correlation function 
can be found for various cosmological samples 
such as quasars, radio galaxies, and rich clusters in 
order to examine their clustering tendencies. We 
will see in Chapter 26 that ¢(r) can be used to dis- 
criminate among theoretical models of galaxy 
formation. 

Based on a decade of observations, let’s list 
some of the features of large-scale structures. 


1. Superclusters are not spherical. They are domi- 
nated by flattened structures—mostly gently 
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14,000." 22 Figure 23-12 The Hercules su- 


percluster. This wedge diagram 
shows the large void between 
the supercluster and foreground 
galaxies. (Adapted froma diagram 


+20 by M. Tarenghi, W.G. Tifft, G. 
Chincarini, H.J. Rood, and L.A. 
Thompson) 


Declination (1950) 


+17 


curving filaments, but some have a pancake 
shape. 


2. All rich clusters lie in superclusters. 

3. At least 95-99% (possibly 100%) of all galaxies 
lie in superclusters. 

4. Voids are predominantly spherical. 


5. Voids are empty of (at least) bright (M < M*) 
galaxies. 


An important finding in the Perseus superclus- 
ter by R. Giovanelli, M. Haynes, and G. Chincarini 
promises new means of learning about the forma- 
tion and evolution of superclusters and their com- 
ponent galaxies. Figure 23-13 shows the superclus- 


_ ter region as seen in the distribution of different 


morphological types of galaxies. The top two pan- 
els show the supercluster as defined by all galaxies 
and by the ellipticals and SOs. The lower panels 
show the distribution of progressively later types 
of spirals and irregulars. Clearly, the supercluster 
filament is most pronounced when seen in the early 
types. In the latest types, the filamentary structure 
almost disappears. 

We have known about a similar morphological 
segregation in galaxy clusters since the time of 
E. Hubble and M. Humason. They showed that el- 
liptical galaxies are most often found in the densest 
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Figure 23-13 Morphological segregation in the Perseus supercluster. The top panel 
shows the positions of all galaxy types in this region. The Perseus supercluster is the 
filament that gently curves along the top half of the figure. The second panel shows the 
positions of E and SO galaxies; the third shows Sa to Sbc galaxies; the fourth shows Sc 
galaxies, and the fifth shows types later than Sc. Notice that the supercluster filament is 
defined differently for different types. The early types define it most clearly, and the later 
types are much more diffusely distributed. 
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cluster cores. The new results extend this density— 
morphology dependence to much larger scales. 
Unfortunately, we do not yet know if this result is 
a major clue about the formation processes corre- 
lated over a whole supercluster or if it is just a re- 
sult of a series of local high-density regions. Either 
way, we are presented with an important clue 
about how galaxies form and evolve. 


@ Peculiar Motions and 
the Great Attractor 


With the growing sophistication and accuracy of 
the primary and secondary distance estimators dis- 
cussed in Chapter 22, it became possible in the 
1980s and 1990s to explore {the question of how su- 
perclusters might affect the Hubble flow. The 
D, — o and IRTF methods [Section 22—3(B)] have 
been used to estimate the distances to hundreds of 
galaxies in a manner that was independent of the 
galaxies’ redshifts. When the redshift-predicted 
distances were then compared to the indepen- 
dently derived distances, systematic discrepancies 
were found. 

The most prominant explanation for the dis- 
crepancies is that of bulk motions. It appears that 
the Local Group is falling into the central regions 
of the Local Supercluster [toward ] = 284°, b = 
74° (near Virgo)] at about 250 km/s. The whole Lo- 
cal Supercluster is also moving toward | = 307°, 
b = 9° at about 570 km/s. Estimates of the gravi- 
tational potential that would be necessary for this 
motion indicate that the central source must be 
very massive—about 5 X 101° Mo. This Great At- 
tractor unfortunately lies in the direction of the 
plane of the Milky Way and is very difficult to find, 
but R. Kraan-Korteweg, P. Woudt, V. Cayatte, 
A. Fairall, C. Balkowski, and P. Henning believe 
that they have identified it. They reasoned that the 
dust in the plane of the Milky Way would make 
obscured galaxies seen behind it appear fainter and 
of smaller angular diameter than otherwise ex- 
pected. So they searched photographic plates for 
fainter and smaller galaxies (down to a limit of 0.2 
arcsec diameter) than have been previously cata- 
loged. In doing so, they found (Figure 23-14) that 
the little-studied cluster, A3627 (I = 325°, b= 
—7°), has a mean redshift of cz = 4882 km/s and 
an estimated mass of 2.5 X 10h"! Mp. It is lo- 
cated quite close to the predicted position of the 
Great Attractor and looks to be the dominant peak 
of a large supercluster. 
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Figure 23-14 The proposed Great Attractor.GA marks 
the predicted position of the Great Attractor. Equal levels 
of galactic obscuration are indicated by solid lines. Dots 
above and below the obscuration are previously known 
galaxies. The more densely distributed dots within 10° of 
the galactic plane, only avoiding the worst of the obscu- 
ration, are newly found, faint, small diameter galaxies 
that probably show the central cluster of the supercluster 
forming the GA. (Adapted from a diagram by R. Kroan- 
Korteweg and P. Henning) 


The bulk motion just described is consistent 
with one other means of measuring the peculiar 
motion of our Local Group with respect to the av- 
erage of the matter in the Universe. There is a sig- 
nificant dipole character to the cosmic background 
radiation (Section 25-3). In the direction toward 
which we are moving, the background radiation 
(CBR) is somewhat brighter and has a higher char- 
acteristic temperature than in the opposite direc- 
tion. Both the speed and direction of the CBR pe- 
culiar motion are consistent with that of the bulk 
motion found from galaxy studies. 

It is clear from the bulk motion studies that one 
cannot directly measure the Hubble flow, hence 
Hubble’s constant, without making significant cor- 
rections. Figure 23-15 shows a model of the local 
velocity field caused by our motion toward the 
Virgo cluster. Notice that the lines of constant red- 
shift are not circles centered upon the Sun’s (i.e., 
our Galaxy’s) location as would be the case for iso- 
tropic Hubble flow (indicated by the dashed 
semicircles). 


Figure 23-15 A model for the 
local velocity field. The distortions 
are caused by Virgo-centric infall. 
Dashed lines show the velocity 
field expected for pure Hubble 
flow. (Adapted from a diagram by 
J. Tonry and M. Davis) 


The amplitude of the bulk motions is of the 
order of 500-600 km/s. So, for distances out to 
Virgo, for example, the deviations are a very large 
fraction of the redshift. The deviations do not sub- 
side to a 10% level of the redshift until one has 
reached a distance of 100 Mpc or so. 

Obviously, in order to solve the controversy 
about Hp [Section 22-3(B)], it is essential either to 
extend the distance-determining methods to 100 
Mpc or convincingly to find the right corrections. 
Part of the reason for the discrepancy in Hp is that 
the corrections applied for Virgo infall differ by as 
much as 17%. 


[concept App ict a 


Deviations from Pure Hubble Flow 


In Chapter 22 and this chapter, we discussed some 
of the problems associated with measuring the 
Hubble flow, the Universal expansion. Let’s look at 
Figure 23-13 more closely in order to see some of 
the difficulties. The dashed lines represent pure 
Hubble flow, and the solid lines show the redshifts 
of galaxies at various locations based on one par- 
ticular model for the mass of the Virgo cluster. 
Look just to the near and far sides of the point rep- 
resenting Virgo. The contour representing 1500- 
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km/s flow is closer to us than the one representing 
500-km/s flow. This is remarkably different from 
what we would first expect! However, a little 
thought shows how this situation could easily hap- 
pen. The galaxies located on the near side of Virgo 
are being accelerated away from us to higher red- 
shifts, but the galaxies located on the far side are 
being accelerated toward us, so their redshifts are 
lowered. Notice that two galaxies with 500-km/s 
redshifts, for example, that are in the general di- 
rection of Virgo could be located at extremely dif- 
ferent distances—one at 4.5 Mpc and the other at 
17.5 Mpc! Clearly, the distortions in the local 
Hubble flow caused by accelerations within the Lo- 
cal Supercluster are a very difficult problem to 
work around. 


What Is a Void? 


Certainly, observations of supercluster dynamics 
and their detailed structures will continue to im- 
prove. But several basic questions about voids 
make them seem exceptionally mysterious. The 
first obvious question is Are they really empty? 
Such a seemingly simple question is not easy to 
answer observationally. By “empty” does one 
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mean that the voids just lack galaxies? Do they con- 
tain dark matter? In deep surveys of the Bootes 
void, about a dozen galaxies have been found and 
all are peculiar to the extent of having emission 
lines in their spectra. However, similar studies of 
the Coma void find no galaxies. This difference 
might be attributable to small number statistics and 
different volume sizes. 

Searches have also been made for a gaseous 
void component. This possible gas could conceiv- 
ably be detected either through emission lines (op- 
tical or 21-cm) or by absorption lines in the light of 
distant galaxies or quasars. None of these searches 
has yet been conclusive. 

Another interesting question concerns the na- 
ture of void topologies. One possibility is that of 
sponges. In this case, empty regions are connected 
to each other and the percolation length (the dis- 
tance one could traverse without encountering a 
boundary) is quite long. A second possibility is that 
of bubbles in which each empty region is self- 
contained with a continuous, built-up boundary. 
This point has not yet been settled, but, since dif- 
ferent physical processes lead to the two different 
topologies, this is potentially an important obser- 
vational test of formation theories. 


23-3 
WHAT LIES BEHIND 
THE ZONE OF AVOIDANCE? 


Figure 23-14 illustrates an important problem for 
astronomy in general; we do not know much about 
the specific objects that lie in the direction of the 
plane of the Milky Way. This Zone of Avoidance 
covers roughly 20% of the sky. In most applica- 
tions, we can assume that the general properties of 
hidden objects match those that aren’t hidden. For 
example, we can estimate how many galactic glob- 
ular clusters or distant quasars are obscured. One 
of the few cases in which the specific properties of 
the hidden objects is important is in trying to un- 
derstand bulk motions. A simple calculation shows 
that a single 10!*Mo galaxy lying at a distance of 
1 Mpc would have a substantial fraction of the ef- 
fect upon the gravitational acceleration of the 
Milky Way as would something like the Great At- 
tractor with about 10!Mo but lying about 50-100 
Mpc away. So, for the sake of determining correc- 
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tions to the Hubble flow, it is quite important to 
survey the Zone of Avoidance for nearby galaxies. 

How does one go about such a search? The an- 
swer lies in a combination of methods. In optical 
studies during the late 1960s, P. Maffei found two 
galaxies that are quite obscured and are nearby but 
not members of the Local Group. They have dis- 
tances that are estimated to lie between 2 and 
5 Mpc. The galaxy IC 342 lies about 10° away and 
is probably another group member. Quite recently 
another probable member, Dw 1, was found from 
its 21-cm emission using the Dwingeloo radio tele- 
scope. (The 21-cm emission may be the ideal search 
technique because radio waves are nearly unaf- 
fected by the galactic obscuration so prevalent in 
the visible.) It is very hard to determine the mor- 
phologies of these very obscured objects (up to 6 
magnitudes in B), but in general they seem to be 
spirals. The whole group may consist of 10 to 20 
galaxies and have more mass than the Milky Way 
or M31. 

The effect of nearby galaxies or groups upon 
the motion of the Milky Way is very difficult to 
determine. The directions and sizes of the acceler- 
ation vectors change on the timescale of 10°-10° 
years, whereas that from the Great Attractor would 
be nearly constant for a timescale of almost 101° 
years. 


23-4 
INTERGALACTIC MATTER 


Is intergalactic space empty, or is there an inter- 
galactic medium similar to the interstellar me- 
dium? If an intergalactic medium is present, it may 
contain both gas and dust. The gas (probably hy- 
drogen) may be neutral or ionized. We can look for 


. the intergalactic medium in two locations: between 


clusters of galaxies and within clusters. 

Consider the first possible location. Let’s ex- 
amine the possibility of intergalactic dust. Such 
dust, if it resembles the interstellar dust in our Gal- 
axy, would extinguish and redden the light from 
distant galaxies. This extinction and reddening ef- 
fect has been searched for but not found. It is less 
than 4 xX 10-*mag/Mpce. So intergalactic space 
cannot contain very much dust; the density must 
be less than 4 x 10-°kg/m*. In other words, in- 
tergalactic dust is optically thin over the distances 
between clusters of galaxies. 


How can we detect neutral hydrogen? Hydro- 
gen atoms absorb ultraviolet radiation well, espe- 
cially at 121.6nm, the Lyman-alpha absorption. 
Such ultraviolet absorption has been sought in the 
spectra of distant objects at both small and large 
redshifts. It has not been detected. This lack of ul- 
traviolet absorption implies that neutral hydrogen 
cannot have a density greater than about 107? 
atom/m?. So if hydrogen is there, it must be ion- 
ized because H II is far more transparent than H I. 
These observations probe the Universe’s past, and 
so they also imply that any intergalactic gas must 
have remained highly ionized for most of the his- 
tory of the Universe. 

These arguments leave ionized hydrogen (H II) 
as the most likely candidate for the intergalactic 
medium. Because intergalactic material would not 
have a high density, ionized hydrogen would take 
a very long time to find an electron and recombine. 
Unfortunately, detecting a low-density ionized gas 
is difficult. If it is hot (a few tens of millions of 
kelvins), you can expect X-ray or ultraviolet emis- 
sion. X-ray observations of local superclusters 
show 15 sources that are probably clustered in 
seven superclusters. The sources consist of spots 
centered in rich clusters; this implies that hot gas 
in the superclusters is highly clumped. 

Recent X-ray observations support this idea 
(Figure 23-16). To date, at least 40 clusters of gal- 
axies are known to emit X-rays. The X-ray lumi- 
nosities of clusters range from 10° to 108 W. The 
sizes of the X-ray-emitting cores range from 50 kpc 
to 1.5 Mpc. The richer clusters tend to be the more 
luminous in X-rays—specifically it looks as if 
L, x o4, where a is the cluster velocity dispersion. 
A reasonably confirmed model for this X-ray emis- 
sion is that it comes from hot, ionized gas. This 
model requires typical temperatures of 10-100 mil- 
lion K and densities of about 1000 ions/m? to ex- 
plain the X-ray observations. So we have evidence 
of intergalactic gas in clusters, but it has a total 
mass that is 10 to 20 times greater than the mass of 
the stars in all the cluster galaxies! We have no ev- 
idence so far for much gas between clusters. 

Finally, we note that for plasmas with temper- 
atures between 10! and 10’ K, trace elements dom- 
inate the emission and produce emission lines, 
which can be used to deduce the physical proper- 
ties of the emitting gas. In particular, inner-shell 
transitions of neon, silicon, iron, sulfur, and argon 
can be very strong. X-ray spectroscopy of the emis- 
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Figure 23-16 X-ray emission from superclusters. The 
cluster at the center is about 6 Mpc from the double clus- 
ter below it. (C. Jones and W. Foreman) 


sion of the gas from clusters shows highly ionized 
iron lines in almost all cases (mainly in a line at 
7-keV); the iron lines confirm that the emission 
mechanism is thermal brehmsstrahlung from an 
extremely hot gas rather than synchrotron radia- 
tion. Theoretical models of the emission require 
iron abundances (relative to hydrogen) about half 
that of the Sun. Hence, the intergalactic gas must 
have been processed through stars and then re- 
moved from the galaxies (perhaps by supernova 
explosions). 


23-5 
MASSES—ROUND 3: 
THE MISSING? MASS 


In Chapter 21 we introduced the virial theorem as 
applied to individual galaxies. It has, perhaps, an 
even more astounding application to clusters. Here 
the assumptions are the same as in almost all ap- 
plications of the virial theorem in astrophysics. We 
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must suppose that the cluster is in a steady state, 
neither expanding nor contracting. When we apply 
this theorem to galaxy clusters and use the high- 
velocity dispersion of the redshifts of the galaxies 
to estimate the kinetic energy, we find that the clus- 
ter masses are surprisingly high. 

As always, the most useful quantity in exam- 
ining the missing mass is the mass-to-light ratio 
M/L, where both are in solar units. The M/L ratios 
for individual galaxies can be as high as M/L = 
50, and for double galaxies, M/L = 100. When we 
apply the virial theorem to clusters, however, we 
often find that the M/L ratios range from 300 to 
500! This provides strong evidence that as R, (the 
characteristic scale of the system) increases, the 
M/L value obtained from dynamical methods cor- 
respondingly increases. Adding the mass of the 
cluster gas to that of the stellar content of the gal- 
axies still only represents about 20% of the mass 
derived from the virial theorem. 


23-6 
SUMMARY 


What does all this mean? The study of clusters, 
voids, and superclusters affords us unique oppor- 
tunities to study the formation and evolution of 
galaxies. 

The high M/L ratios found from virial studies 
indicate that there is an important constituent to 
the gravitational properties of these structures that 
we cannot detect directly. Apparently, the dark 
matter (dm) can coexist with normal galaxies; it 
suffuses them, causing the M/L ratio to be some- 
what larger than 1. Yet the increase of M/L with 
R,, indicates that the dm also lies between the gal- 
axies in binary systems, small groups, and rich 
clusters. So it does not clump together quite the 
same way as does luminous matter. Does the dark 
matter collect around superclusters? Does it fill 
voids? If we could see the dark matter, would it 
trace out the same large-scale structures that we see 
in luminous matter, or would it form other struc- 
tures? Or is it, perhaps, smooth? No matter how 
the dark matter is distributed, it is clear that there 
is much more of it than there is of normal matter. 

Another problem is the iron lines in the intra- 
cluster X-ray gas. Only inside of stars can the Uni- 
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verse manufacture iron. This shows that stars 
within the cluster galaxies have contributed a large 
amount of gas—perhaps equal in mass to that of 
the stars themselves. Somehow this gas has left the 
individual galaxies and collected near the cluster 
center with sufficient energy input to raise the ki- 
netic temperature to around 10’ K. It is difficult to 
understand these processes. 

How is progress made in using the observa- 
tions as input into improved theories? An impor- 
tant use of the two-point correlation function is to 
test models of galaxy formation. For example, some 
theories can successfully predict the qualitative 
formation of superclusters and voids but cannot 
match the observed functional form of ¢(r). In 
Chapter 26, we will try to sketch out the most plau- 
sible current model. In order to be successful, it 
must match the current observations of clusters, 
voids, and superclusters. 

Perhaps the most exciting aspect of large-scale 
structure studies is that, finally, at the scale of voids 
and superclusters, we see matter distributed as it 
was in its primordial state. At all smaller-scale 
lengths, mixing has occurred. For example, a gal- 
axy moving at 500 km/s will travel about 5 Mpc in 
a Hubble time. Therefore, because cluster cores are 
smaller than this number, the galaxy could have 
crossed the cluster a few times. Hence we have no 
direct association of its present position within the 
cluster to its original position. In contrast, super- 
clusters are larger than the mixing scale length. 
Therefore, the position of a galaxy within the su- 
percluster is approximately that of its origin. In 
other words, we are viewing the “fossils” of the 
primordial matter distribution. If we find galaxy 
properties to vary across a supercluster, for exam- 
ple, then that variation has its roots in the physical 
properties of the formation process. 

Are all the structures we see important? You 
might at first think of voids as a necessary conse- 
quence of the existence of superclusters, but this is 
not the case. The Universe might have constructed 
itself so that superclusters were separated by a ho- 
mogeneous sea of galaxies or perhaps a population 
of small groups and clusters. (A mixture of these 
ideas was for a long time the standard operational 
assumption.) The reality is that both voids and su- 
perclusters are vital clues in our search for under- 
standing the origin and evolution of galaxies. 
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Clusters of galaxies range in size from small systems 
such as the Local Group to rich clusters with many 
thousands of galaxies. Regular clusters show spherical 
symmetry, central concentration, and a large fraction of 
early morphological types. Irregular clusters lack sym- 
metry and may have multiple concentrations and more 
spirals. 


The luminosity function of galaxies shows increasing 
numbers of faint systems. The Schechter luminosity 
function is given by 


@(L) dL = *(L/L*)* exp(—L/L*) d(L/L’) 


Large, statistically complete redshift surveys have 
shown the presence of superclusters and cosmic voids. 
The superclusters tend to be filamentary or sheet-like 


in morphology. The voids tend to be spherical; over 
95% of the Universe’s volume lies in the voids, which 
seem empty of luminous matter. 


The D,, — o and IRTF methods of finding distances 
have been used to show that there are bulk motions 
among superclusters. It appears that the dominant ef- 
fect in the local Universe comes from a massive super- 
cluster, the Great Attractor, partly hidden by obscura- 
tion of the Milky Way. 


As we look to increasingly larger scale sizes of galaxy 
systems, the MIL ratio seems to grow larger—perhaps 
to values greater than 100. This implies that the dark 
matter is not confined just to galaxies but probably suf- 
fuses galaxy clusters also. It might also fill the voids. 
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1. Calculate the crossing time for the Hercules super- 
cluster and compare it with the age of the Universe 
(~15 x 10° years). 


2. (a) Demonstrate that a low-density hydrogen gas at 
10” K produces X-rays. What is the peak wave- 
length of emission? 

(b) Compare the mass of the hot gas in a cluster with 
the mass contained in galaxies. 


3. We state in the chapter that intergalactic space must 
have a dust density of less than 4 X 10-°° kg/m?. 
Assume that ten times this amount really exists. 
What would the intergalactic extinction be, in mag- 
nitudes per megaparsec? How would that affect our 
ability to see the Virgo cluster? 


4. How close does a spiral galaxy like the Milky Way 
have to get to a cD galaxy to be tidally disrupted? 


5. Estimate the free-fall time for a cluster of galaxies 
and compare your result with the age of the Universe 
(~15 xX 10° years). What do you conclude? 


6. An approximation to the luminosity function of gal- 
axies in rich clusters is ®(L) = ®*(L/L*)-5/4 for L < 
[* and @(L) = 0 for L > L*, where ®* is 0.005/ 
Mpc? for H = 50km/s - Mpc, L* ~ (10!°)Lo, and 


Lmin © (103)Lo. The number of galaxies per cubic 
megaparsec is 


Lmax 
Nei = | @(L) dL 


Lmin 


and the total luminosity per cubic megaparsec is 


Lmax 
Iga = i ®(L)L dL 
Lmin 
(a) Show that most galaxies have luminosities near 
the low end of the range. 
(b) Show that most of the luminosity of a cluster is 
produced in the higher mass galaxies. 


7. Only the radial velocity is observable for galaxies 
that are members of clusters. By integrating to obtain 
the mean value, determine how v2 is related to v,2. 


8. Discuss how the existence of superclusters affects the 
Hubble diagram. What are the dangers in deriving 
the Hubble constant using galaxies within the Local 
(Virgo) Supercluster? 


9. Discuss what happens to the kinetic energy of a gal- 
axy that is cannibalized by a central cD galaxy. Relate 
this to the extended haloes of cD galaxies. 
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10. Discuss the evidence that M/L increases as the char- 


11. 


acteristic scale of the system increases. What does 
this imply about the distribution of dark matter? 


Imagine that an astronomer in the Virgo cluster of 

galaxies (D = 15.7 Mpc) wanted to observe our Local 

Group cluster of galaxies. 

(a) What angular size would the Local Group sub- 
tend in the sky? 

(b) How large would the Milky Way Galaxy appear? 

(c) What would be the apparent visual magnitude of 
the Milky Way Galaxy? Compare this with our 
naked-eye limiting magnitude of m = +6. 

(d) Assuming that our observer could build a tele- 
scope to detect m = +20 objects, could she detect 
all the Local Group galaxies listed in Table 23-1? 

(e) Based upon your answer to (d), comment on how 
observational selection effects may influence our 
understanding of distant galaxy clusters. 


Large-Scale Structure in the Universe 


12. Observations of the maximum light from novae and 


13. 


supernovae in other galaxies are important as dis- 

tance indicators (see Figure 23-3 and Table 22-1). 

(a) Could a nova or supernova be observed in a gal- 
axy in the Virgo cluster (D = 15.7 Mpc) using a 
modest size Earth-based telescope with limiting 
magnitude m = +23? 

(b) Could a nova or supernova be observed in a gal- 
axy in the Corona Borealis cluster (assume a cos- 
mological redshift: cz = 21,600 km/s) using this 
telescope? Assume H = 50 km/s - Mpc. 


Using Figure 23-11, estimate the linear extent of the 
void region near cz = 5500km/s (assume H = 
50 km/s - Mpc). Compare this size to the size of the 
Local Group, to the size of the .Virgo cluster, and to 
the distance between the Local Group and the Virgo 
cluster. 


Active Galaxies 
and Quasars 


his chapter examines the power and the glory 

of active galaxies and quasars in the distant 
Universe—galaxies that may contain supermassive 
black holes in their cores to supply their enormous 
energy outputs. We will see several classes of un- 
usual galaxies with different names, but keep in 
mind as you examine each one that observations 
more closely support a small number of basic mod- 
els with a continuous range of activity. 

In certain classes, most of the activity is spread 
over relatively large parts of the galaxy’s disk. In 
the most powerful classes the activity arises from 
a tiny region deep within the nucleus. Could it be 
that the nuclei of most galaxies contain low-power 
models of radio galaxies and quasars? 


24-1 
RADIATION MECHANISMS 


The radiation from normal galaxies is dominated 
by thermal processes. These include starlight, ther- 
mal radio emission, and infrared radiation from 
heated interstellar dust. In contrast, the active gal- 
axies feature either nonthermal processes such as 
molecular masers and synchrotron radiation or 
thermal processes with unusually large energies. 
An important indication of activity is the presence 


of a strong emission-line component to the galaxy’s 
spectrum. 


Emission Lines 


As discussed in Chapters 8 and 15, emission lines 
come from bound-bound atomic transitions in 
which the electron drops from an excited state. Of- 
ten the emission lines arise from an initially ionized 
atom in which the electron recombines and cas- 
cades downward through a series of levels. A ma- 
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jor goal of interpreting emission-line spectra is to 
understand the mechanism for exciting or ionizing 
the gas because most astrophysical gases remain in 
or close to the ground state. 

Among the excitation/ionization mechanisms, 
we can identify two classes. One is collisional; here 
we need to look at cloud—cloud collisions or a va- 
riety of ways of producing interstellar shock waves. 
The other broad category includes several radia- 
tive processes. Generally, this demands a source of 
“hard” photons whose energies meet or exceed 
the excitation or ionization energy of the transition 
in question. Synchrotron radiation is a common 
source of hard photons; but, by Wien’s law (Chap- 
ter 8), we know that thermal radiation from black- 
bodies at very high temperature can also produce 
large numbers of photoionizing UV photons. 

Because the elements found in the interstellar 
medium of galaxies are also abundant on Earth, we 
have laboratory examples of many astrophysically 
important emission lines. However, an important 
class of lines is not observed in the lab. These are 
the forbidden lines that arise from metastable ex- 
cited states [Section 15-2(D)]. Even quite good lab- 
oratory vacuum conditions on Earth have much 
higher densities than those found in astrophysics, 
and in the high densities the metastable states are 
always collisionally de-excited rather than radiat- 
ing away their energies via observable photons— 
hence the term forbidden; they are, of course, not 
forbidden in most astrophysical settings. 

In Table 24-1, we list some of the most com- 
monly observed emission lines. Those that are en- 
closed in square brackets are forbidden (from elec- 
tric quadrupole, magnetic dipole, or magnetic 


PTABLE 24-1] Important Emission Lines 


Line Ao (nm) Line Ao (nm) 
H I (Ly-a) 121.6 HB 486.1 
NV 124.0 [O III] 495.9 
CIV 154.9 [O III] 500.7 
[C IT] 190.9 [N I] 654.8 
Mg II 2798 Ha 656.3 
[O II] 372.7 IN IJ 658.4 
[Ne III] 386.8 [S II] 671.7 
H6 410.2 (S I] 673.1 
Hy 4341 
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quadrupole transitions), and those with a single 
square bracket are only partially forbidden (electric 
dipole). An absence of brackets indicates permitted 
lines. We include several useful lines in the ultra- 
violet since they are observable by the IUE satellite, 
the Hubble Space Telescope, and ground telescopes in 
high-redshift systems such as quasars. We provide 
wavelengths in units of nanometers; but, for his- 
torical reasons, most astronomers employ Ang- 
strom units in everyday usage. Thus, for example, 
[O Il] 500.7 would be termed 5007. 


@ Synchrotron Radiation 


We introduced synchrotron radiation in Chapters 
15 and 18. The necessary conditions for this process 
are a magnetic field and a source of relativistic elec- 
trons. The major mystery in understanding active 
galaxies is to find a convincing mechanism for the 
acceleration of electrons by collapsed objects in the 
galaxy nucleus. 

In general, the flux F of nonthermal emission 
has the spectral form 


Fv) = Foy % 
so that 
log Fv) = —a@ log v + constant 


Hence, on a log-log plot of the spectrum, the spec- 
tral index a is simply the slope. 

Radio galaxies and quasars have similar syn- 
chrotron properties. Their spectra come in two 
types. The extended emission has a spectral index 
a with values between 0.7 and 1.2. At low frequen- 
cies the spectrum often is seen to turn down. This 
is called synchrotron self-absorption and is just a re- 
sult of the source becoming optically thick at these 
frequencies. In compact sources, the spectra are 


‘ much flatter with a ~ 0.4. Because of the slower 


fall-off with frequency, compact sources are more 
readily found in high-frequency surveys. See Sec- 
tion 24-3(C) for a more detailed discussion. 


24-2 
MODERATELY ACTIVE GALAXIES 
Preludes to Activity 


Although absorption lines dominate the spectra of 
most galaxies surveyed, the Ha and [O II] 372.7 


emission lines can often be found in the nuclear 
spectrum. Also, spectrograph slits often include 
some light from the disk in spiral galaxies; there- 
fore, H II regions may contribute light to the spec- 
trum—leading to a characteristic emission-line 
component. 

It is sometimes difficult to dissociate nuclear 
and disk emission. One somewhat more active type 
of galaxy than the quiescent types has a very strong 
H II region-like spectrum that overwhelms the star- 
light component. Because H II regions are stellar 
nurseries, this type of galaxy seems to be experi- 
encing an increased star-formation episode. An- 
other type of strong emission spectrum that looks 
superficially like the H II region class was recog- 
nized by T. Heckman who termed the class LINERs 
(Low Ionization Nuclear Emission Regions). As the 
name implies, these emission lines do not arise in 
the disk, and the ionization energies are relatively 
small. Hence [O II] lines are relatively stronger 
than the [O III] lines, for example. 


@ Starburst Galaxies 


Appearances can be deceiving in astronomy—es- 
pecially for distant objects of which we get a two- 
dimensional view projected on the sky. The nearby 
galaxy M82 (NGC 3034) makes this point most dra- 
matically, for it was once believed to be an explod- 
ing galaxy because of its optical appearance (Figure 
21-4). An Irregular II galaxy, M82 is a radio source 
but not a strong one, radiating only 10°? W. Pho- 
tographs of this galaxy in Ha show filaments ex- 
tending above the plane of the galaxy to a distance 
of 3-4 kpc. Spectra of this galaxy also show mate- 
rial expanding outward from the center at velocity 
differences of about 100 km/s. 

The nuclear region of M82 is much larger than 
that for our Galaxy and a strong infrared emitter: 
about 10°” W. Star clusters and giant H II regions 
dominate the nuclear region; within it lies a small, 
nonthermal source. Clumps and filaments of dust 
here block out the optical view, a fact that misled 
people into believing that the Galaxy’s appearance 
resulted from explosive, high-velocity outflows. 

X-ray observations show that the nucleus has a 
clumpy structure with a total power of 3 x 10°37 W 
in soft X-rays. The most likely candidates for the 
emission source are massive Population I objects, 
such as X-ray binaries (like Cyg X-1), OB stars, and 
supernova remnants. These and other observations 
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lead to the interpretation that the nuclear region 
underwent a huge burst of star formation 107-108 
years ago and that this burst is continuing today. 
M82 lies close to the spiral galaxy M81 (Figure 23- 
7). Tidal interactions between them could trigger 
the star formation in M82, which is rich in the gas 
and dust needed to give birth to stars. 


24 3 
AGNS 


As a group, the most active galaxies show all or 
most of the following characteristics: (1) high lu- 
minosity, greater than 10” W; (2) nonthermal emis- 
sion, with excessive ultraviolet, infrared, radio, and 
X-ray flux (compared with normal galaxies); (3) a 
small region of rapid variability (a few lightmonths 
across at most); (4) high contrast of brightness be- 
tween the nucleus and large-scale structures; (5) ex- 
plosive appearance or jet-like protuberances; and 
(6) broad emission lines (sometimes). The nucleus 
of the Milky Way Galaxy has some of these char- 
acteristics, but it does not generate as much energy 
in total (some 103° W) as do the nuclei of active 
galaxies. As a class those galaxies with active nuclei 
are called Active Galaxy Nuclei (AGNs). Several 
of the best known AGNs are listed in Table 24-2. 


Seyfert Galaxies 


In 1943, Carl Seyfert identified six spiral galaxies 
with unusual, broad emission lines in their spectra. 
When viewed optically, such galaxies have unusu- 
ally bright nuclei (Figure 24-1). They are now 
called Seyfert galaxies; about 90 are known to date. 
Seyfert galaxies, some of which are close, provide 
a possible clue to the nature of active galaxies—a 
clue that comes from their broad emission lines and 
their partially nonthermal, synchrotron continuum. 

Photographs of Seyfert galaxies show that they 
are almost always spirals. A detailed survey of 80 
Seyferts finds that only 5-10% might be ellipticals. 
(The small angular size of some Seyferts makes it 
hard to classify them.) Compare this with the fact 
that extended radio galaxies [Section 24-3(C)] are 
all ellipticals. Overall, about 1% of all spiral gal- 
axies (ordinary and barred) are Seyferts. Perhaps 
all spiral galaxies go through a Seyfert phase, with 
only 1% active at any time. 
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TABLE 24-2) yy) Selected AGNs 


Name (1950) &(1950) z my 
I Zwicky1  00%51™005 = +12°25' Ss (0.061._—s«14.3 
NGC 1052 028 38™ 37s = -08°28' 0.005 ~—S« 13.5 
NGC 1068 02'40™07s -00°14 0.003 10.5 
3C 120 04 30™32s +05°15' 0.033 146 
Mrk 79 07538" 475 +49°56' 0.020 13.4 
Ark 160 08 17™ 525 +19°31 = «0.019 s«:17.5 
OJ 287 08h51™57s = + 20°18’ — 14.0 
NGC 4151 12h 08™ 015 +39°41’ 0.003 ~—s- 12.0 
3C 273 12h 26™ 33s = +02°20' —Ss«<0.158 ~=—Ss«12.8 
3C 351 17404™03s = +60°49' —Ss«0.371_~—Ss«'15.3 
BL Lac 22h00™ 40S +42°02' 0.069 145 
3C445 224 21m 15s -02°21. 0.057 15.4 


Remarks 


Seyfert 1-1.15 
LINER 
Seyfert 2 
Radio galaxy 
Seyfert 1-1.5 
LINER 

BL Lac 
Seyfert 1-1.5 
Quasar 
Quasar 

BL Lac 
Radio galaxy 


It is in their spectral properties that Seyferts re- 
ally distinguish themselves from normal galaxies. 
We now recognize that Carl Seyfert’s original 
group was not homogeneous. Daniel Weedman 
suggested a useful classification scheme. His Type 


Figure 24-1 


The Seyfert galaxy NGC 1275 in Perseus. 
(National Optical Astronomy Observatories) 


1 represents the kind that most people think of as 
a Seyfert; these objects have permitted lines (such 
as the Balmer series of hydrogen) with extreme 
widths (Figure 24-2). If the cause is Doppler broad- 
ening it corresponds to 5000-10,000 km/s! The for- 
bidden lines (from O II, O III, N II, S IL, etc.) are 
only moderately broadened—typically 200-400 
km/s. 

Type 2 Seyferts have only “narrow” lines pres- 
ent. The characterization as narrow is only relative 
to the broad lines of Type 1s, because the Type 2 
profiles (which range from 200-400 and in one case 
up to 1000 km/s) are broader than in most normal 
galaxies. Interestingly, the permitted lines in a Sey- 
fert 2 have about the same widths as the forbidden 
lines. 

The standard model for Seyferts is that of a 
central, tiny source of photoionizing photons that 


. encounter two distinctly different gaseous regions 


as they flow outward from the active nucleus. The 
inner one is the Broad Line Region (BLR). We can 
confidently place an upper limit of about 104m 
(about 1/100th of a lightyear) as the scale size 
of the BLR from variability studies [see Section 
24-4(D)]; dramatic changes in the broad lines and 
continuum have been detected over a period of a 
few weeks or months. Outside of the BLR is the 
Narrow Line Region (NLR) with a scale size that 
is perhaps 102-10? times larger. We have not seen 
much evidence for variability in the narrow lines. 

The BLR must have a density greater than a 
certain critical value because there are no broad 


Figure 24-2 The spectrum of the Type 1.5 4000 
Seyfert galaxy Markarian 79. Note the ex- 
treme width of Hf along with narrow [O III] 
lines. 3500 
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2500 


Counts 


2000 


1500 


forbidden lines. This implies densities around 
1013-105 ions/m>. Estimates of the total gas con- 
tent in the BLR are in the range of 30-50Mo, which 
must be in a very chaotic state given the observed 
Doppler shifts. 

In the NLR there is nothing to prevent the pro- 
duction of permitted line photons, so there is gen- 
erally a narrow component to them as well as the 
narrow forbidden lines. A modern addition to the 
Seyfert classification system is to call those objects 
with both broad and narrow components to the 
permitted lines Type 1.5. In this system there are 
few Type 1.0 Seyferts. Figure 24-2 illustrates the 
spectrum of a Type 1.5 Seyfert in the HB/[O III] 
region where there are both broad and narrow 
components. Slight differences in the widths of the 
forbidden lines show that the density of the NLR 
decreases with radial distance from the nucleus. 
The critical densities of forbidden lines from dif- 
ferent atomic species vary, and those lines coming 
from the least dense regions exhibit somewhat nar- 
rower profiles. 

Both BLR and NLR are probably more complex 
than a simple two-region model implies. As an ex- 
ample of some of this complexity, four AGN gal- 
axies have been seen to change from Type 1.5 to 
Type 2 in the time scales of from 1 to 4 years. How 
might this happen? The simplest explanation is that 
a dust cloud interior to the NLR moved across our 
line-of-sight to the BLR—possible, given the small 
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4900 5000 5100 5200 
Wavelength (A) 


scale size of the BLR. The dust model is strength- 
ened by the fact that in both cases the broad com- 
ponent at Ha did not completely disappear. Most 
Seyfert spectral classification is made from the ap- 
pearances of Hf and the [O III] lines, and dust 
would extinguish broad Hf photons more effec- 
tively than the redder Ha photons. 

In addition, the continuous spectra of Seyferts 
have a combination of stellar, nonthermal, and in- 
frared (from dust) radiation. The total energy out- 
put is 10°7-10°° W. Their luminosities vary, some- 
times by large amounts, over time spans of a few 
days to a few months. Seyferts tend not to be strong 
radio sources; sensitive radio surveys have de- 
tected only about half of the Seyferts examined. 

What is the ultimate cause of all this activity? 
It must be very small to fit inside the BLR and yet 
must be very powerful to accelerate the gas in the 
BLR to very high speeds as well as to produce the 
total luminosity of the AGN. Further constraints on 
the size are imposed by recent observations show- 
ing light fluctuations that happen on time scales of 
hours or minutes. We will return to this subject in 
Section 24-5(A), when we discuss the power 
sources for quasars. 

A recent survey of spiral galaxies reached a cu- 
rious conclusion with respect to Seyferts: most of 
them tend to be in close, binary galactic systems. 
Tidal interactions may then induce the Seyfert phe- 
nomena for some short period of time. 
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@ BL Lacertae Objects 


One other type of active galaxy is named after its 
prototype, BL Lacertae, and so these galaxies are 
called BL Lac objects. As a group, the BL Lac ob- 
jects have most of the following characteristics: (1) 
rapid variability at radio, infrared, and visual 
wavelengths, (2) no emission lines, (3) nonthermal 
continuous radiation (Figure 24-3, for an example, 
from the BL Lac object OJ 287) with most of the 
energy emitted in the infrared, and (4) strong and 
rapidly varying polarization. Also, BL Lac objects 
generally have a star-like appearance—structure is 
rarely visible. The radio emission from many BL 
Lac objects is compact or only slightly extended. 
The extended radio structure is weak (only a few 
percent of the total) in contrast to the intense emis- 
sion from the nucleus. 

The greatest difference between BL Lac objects 
and other active galaxies is that the emissions of 
the former vary so frequently and erratically (Fig- 
ure 24-4). For example, BL Lac itself, recorded on 
a long sequence of Harvard Observatory photo- 
graphs, fluctuates between visual magnitudes 14 
and 16 with occasional bursts to brighter than 13. 
These fluctuations mean that BL Lac’s optical emis- 
sions vary by a factor of 20 times or so. Observers 
have noted night-to-night luminosity variations of 
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10-30%. A few BL Lac objects have changed their 
luminosities by as much as a factor of 100. 

A great puzzle about the BL Lac objects is that 
their energy variations take place in objects that 
show almost no emission lines in their spectra. As 
discussed previously, the standard model for active 
galaxies pictures synchrotron emission output in 
the ultraviolet (and even the electrons themselves) 
as ionizing any gas near the nucleus and producing 
emission lines through recombination. But where 
are the BL Lac’s emission lines if they are powered 
the same way? For a few BL Lac objects that have 
weak continuum outputs, the emission lines.are vis- 
ible and are probably powered by nonthermal ra- 
diation from the nuclear source. The hint here is 
that the emission lines are usually present but often 
submerged in the continuum emission. 

Some 40 BL Lac objects have been classified to 
date. They may actually not all be the same kind 
of beast. A few are possibly the nuclei of galaxies. 
Some, like BL Lac itself, have a faint surrounding 
“fuzz” that might be a galaxy. Others look point- 
like without a hint of enveloping material. A num- 
ber of BL Lac objects are found in clusters of gal- 
axies—indirect evidence that they are also galaxies. 

Finally, we must note that we do not have 
good distance determinations for very many BL 
Lac objects. Clearly, redshift-derived distances are 
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Figure 24-3 Spectra of OJ 287. (A) Infrared-optical continuum. (P. Smith) (B) Radio- 


optical spectrum in March 1983. (T. Balonek) 
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Figure 24-4 Variability of OJ 287. (A) Intensity varia- 
tions; note the large outburst at the beginning of 1983. 


(B) Polarization variations of the linear polarization. 
(P. Smith) 


hard for a class whose main characteristic is a lack 
of spectral lines! A redshift of 0.07 appears in the 
weak absorption features of the nebulosity around 
BL Lac, which corresponds to a radial velocity of 
2.1 X 104km/s. The nebulosity has a spectrum like 
that of a luminous elliptical galaxy. 


Radio Galaxies 


A majority of the spiral galaxies of apparent visual 
magnitude 11 or brighter radiate in the radio con- 
tinuum; the typical amount of this radiation ap- 
pears to be at about 10°°W. A few extragalactic 
radio sources are exceptionally strong radio emit- 
ters, with some of them generating energies in ex- 
cess of 10°7 W. We use the term radio galaxy for 
those galaxies with a radio luminosity greater than 
1033 W. This is not to say that the “weak” sources 
are all normal but rather that normal galaxies are 
relatively weak radio sources. 

Radio galaxies fall into two types: compact and 
extended. Extended radio galaxies have radio 
emission that is larger than the optical image of the 
galaxy; compact radio galaxies have radio emis- 
sion the same size or smaller. Compact radio gal- 
axies often display very small (usually nuclear) ra- 
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dio sources, often no more than a few lightyears in 
diameter. Extended radio sources, in contrast, 
sometimes show a double structure of two gigantic 
lobes separated by distances of megaparsecs and 
symmetrically placed on opposite sides of the nu- 
cleus. In such sources, often called classical doubles, 
the two radio components are well separated from 
the optical galaxy and are much larger. As a rule, 
these sources lie on a line, with the galaxy at about 
the center of the radio-emission pattern. Typically, 


. the nucleus is also a radio source. 


M87 is a radio galaxy (Figure 24-5). A giant 
elliptical galaxy, it lies near the center of the Virgo 
cluster of galaxies and so lies about 20 Mpc away. 
One radio source only 1.5 lightmonths in diameter 
appears in the core of M87 along with a group of 
other compact radio sources. Poking out from the 
core, an optically visible jet (Figure 24—-6A) extends 
over a length of some 6000 ly. This jet has a lumi- 
nosity of roughly 10*4 W; its emission is polarized. 
A detailed photograph shows that the jet contains 
at least six blobs of material, each no more than a 
few tens of lightyears across (Figure 24-6B). Over 
22 years, the blobs have changed significantly in 
intensity and polarization. 

M87 also emits X-rays with about 50 times 
more energy than its optical emission, about 5 X 
10°5 W in X-rays from the whole galaxy. The jet 
itself is also known to emit X-rays. High-resolution 
observations with the Einstein Observatory show 


Figure 24-S_ The Active elliptical galaxy M87, a nearby 
radio galaxy. (National Optical Astronomy Observatories) 
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Figure 24-6 The jet of M87. (A) 
Photograph of galaxy and jet ex- 
posed for maximum detail (neg- 
ative print). (B) Computer-pro- 
cessed image to bring out the 
structure in the jet. (H. Arp and 
J. Lorre) 


that the jet contains knots that emit X-rays strongly. 
The VLA has mapped the M87 jet in detail and 
confirmed that its radio emission coincides with the 
optical and X-ray emissions and extends into one 
radio lobe (Figure 24-7). So the jet overall emits 
over a wide range of frequencies, from radio to 
X-rays, and each knot of the jet generates this same 
spectrum of energies. Recent infrared observations 
have demonstrated a break in the spectrum’s slope 
at about 600 nm. The emission is nonthermal both 
before and after the break. 

For the M87 knots, a ~ 0.6 before the break (in 
the radio) but 1.7 after the break (in the optical). 
For synchrotron emission from relativistic elec- 
trons, such a sharp change in spectral index prob- 
ably results from a sudden change in the electron 


energy distribution (of the accelerated electrons). 
The average magnetic field strength in the knots is 
about 10° T. 

The Hubble Space Telescope has added new, 
high-resolution optical images and spectroscopy to 
our knowledge of M87. An apparent accretion disk 
of 65-ly diameter was found that is oriented nearly 
perpendicularly to the jet. Spectra of the disk show 
evidence for sufficiently high rotational motion to 
require about 3 billion Mo of material to lie within. 
The orientation of the disk is just what would be 
required for the standard black hole model of AGN 
activity because the ejected gas would have to es- 
cape along the axis of the disk. These observations 
are not uniformly interpreted as evidence for a su- 
permassive black hole, but most astronomers be- 


Figure 24-7 Radio emission from 

M87. A VLA map made at 5 GHz; 

note the jet at upper right. (F. Owen 10” 
and P. Hardee, National Radio Astron- 

omy Observatory) 
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lieve that any other model, such as a cluster of a 
billion neutron stars or white dwarfs, would be at 
least as unlikely. 

Other elliptical galaxies also possess nuclear 
jets. In fact, radio jets are common—almost all ra- 
dio galaxies in the lowest luminosity range have 
them. 

Extended radio galaxies are commonly double, 
with the lobes lined up with the galaxy’s center. 
These radio clouds are huge: most are 50-1000 kpc 
in diameter. When classified by structure, extended 
radio galaxies fall into three main groups: (1) clas- 
sical doubles (example, Cygnus A), with highest 
luminosities, lobes aligned through center of gal- 
axy, and bright hot spots at ends; (2) wide-angle 
tails, or bent tails (example, Centaurus A), with 
intermediate luminosities, a bend through the 
nucleus, and tail-like protrusions; (3) narrow-tail 
sources (example, NGC1265), with lowest lumi- 
nosities, U shapes, and rapidly moving galaxies 
in a cluster. 

Cygnus A, one of the strongest radio sources 
in the sky and one of the first discovered, provides 
an excellent example of the classical double struc- 
ture typical of an extended radio galaxy. Its radio 
output, 109° W, comes from two gigantic lobes set 
on opposite sides of the optical galaxy (Figure 
24-8). Each lobe has a diameter of 17 kpc, and they 
extend roughly 50 kpc away from the central gal- 
axy. Each lobe contains a cloud of energetic elec- 
trons and magnetic fields that stores the 10°°J 


needed to account for the radio luminosity lasting 
107-10° years. The central galaxy of Cygnus A is 
an elliptical with a dust lane down its middle. It 
has an active nuclear region (perhaps with two nu- 
clei), with a spectrum showing emission lines and 
a synchrotron continuum. Beyond 8 kpc from the 
center, the spectrum is just that of a mix of stars. 

The VLA has produced a remarkable radio im- 
age of Cyg A (Figure 24-9) that shows a needle- 
like jet connecting the elliptical galaxy to one of its 
lobes. The radio map details a wispy structure in 
the lobes with small, bright spots of emission. 
Bright patches appear along the jet, which clearly 
maintains collimation through most of the lobe. 
The filamentary structure of the lobes implies that 
the emitting gas occupies only 3-30% of their over- 
all volumes. Within the lobes lie “hot spots” of in- 
tense radio emission. 

Centaurus A (NGC 5128) is another extended 
radio source, somewhat similar to Cygnus A. It is 
an E2 galaxy bisected by an irregular dust lane. At 
a distance of 4 Mpc, Centaurus A is the closest ac- 
tive galaxy; it almost outshines M33 visually. 
Viewed with a radio telescope, Centaurus A has 
two huge outer lobes, 200 and 400 kpc in diameter. 
The lobes form a bend through the nucleus and 
have tail-like protrusions. Closer in, another pair of 
radio lobes sits on the edges of the optical galaxy; 
each lobe is about 10 kpc in diameter. The inner 
and outer lobes have almost but not exactly the 
same alignment. 
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(A) (B) (C) 
Figure 24-8 CCD negative images of Cygnus A. Made under conditions of excellent 
seeing, these images show (A) brighter features in the core, (B) lower flux levels resem- 
bling previous photographs, and (C) lowest flux showing the galaxy’s halo. (L.A. 
Thompson) 


Figure 24-9 Radio map of Cygnus A. This extraordinary image shows the filamentary 
structure in the lobes and the thin jet to the right lobe. Map made with VLA. The optical 
galaxy is coincident with the bright spot at the origin of the jet, halfway between the 
extended lobes. (R.A. Perley, J.W. Dreher, and J.J. Cowan, National Radio Astrononty 
Observatory) 


The nucleus of Centaurus A has a direct con- 
nection to one of the inner radio lobes. The Einstein 
X-Ray Observatory detected an X-ray-emitting jet 
streaming northeast from the nucleus and consist- 
ing of at least seven distinct blobs. A VLA map at 
a wavelength of 20 cm shows radio emission along 
a jet that extends to one of the nuclear radio lobes 
(Figure 24-10). The jet has a blob-like structure that 
coincides with the X-Ray emitting blobs. So Cen- 
taurus A and M687 look similar in that both have 
nuclear jets that emit radio waves and X-rays. New 
high-resolution (24 pc by 7 pc beam size) VLA ob- 
servations of Cen A have revealed new structural 
features in the inner 700 pc of the jet (Figure 
24-11). The radio emission shows limb brightening 
on alternating sides—in contrast to the center 
brightening of the M87 jet. Thin filaments of radio 
emission emanate from the knots; they appear to 
point “downstream” in the direction of presumed 
matter flow along the jet (from the nucleus out to 
the lobe). 

Many radio galaxies have emission in the form 
of lobes or streams that extend far beyond the vis- 
ible galaxy. The lobes may be a few million light- 


Figure 24-10 Nuclear region of Centaurus A. A VLA 
map showing the nuclear emissions. The inner lobes with 
a jet extending to the left-hand lobe is superimposed on 
an optical photograph. (J. Burns, National Radio Astron- 
omy Observatory) 
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Figure 24-11 High-resolution image of the Cen A jet. 
This map shows the nucleus (right) and all 700 pc of the 
jet extending to the left. Note the limb brightening on 
alternating sides. (J. Burns, D. Clarke, E.D. Feigelson, and 
E.J. Schreier, National Radio Astronomy Observatory) 


years apart and thousands of lightyears across. The 
vexing problem with these extended radio lobes is 
the vast amount of energy they contain: a typical 
lobe luminosity is 1076-107 W, whereas the visible 
elliptical galaxy with which it is associated may 
emit only 10° W. If the emission is synchrotron ra- 
diation, the lobes must be energy reservoirs of tan- 
gled magnetic fields (strengths about 1nT) and 
high-speed electrons. Then a typical lobe contains 
more than 10°? J. The jets are the channels through 
which the nucleus conducts particles and energy to 
the lobes. The lobes and jets emit nonthermally, 
which suggests that the synchrotron process is op- 
erating. The nucleus provides the high-energy elec- 
trons. These are expelled either as a fairly constant 
beam of particles or as a sequence of ionized blobs 
thrown out along a magnetic field so that half the 
particles fly in one direction and the other half fly 
in the opposite direction. If the nuclear machine is 
active and stable, extended lobes of ionized mate- 
rial build up at the end of the jets. Repeated bursts 
from the nucleus can account for variability. The 
jets imply that high-speed electrons are channeled, 
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Figure 24-12 nae sequence for radio galaxies. The 
position of the tails is influenced by the speed of the 
galaxy through the local intergalactic medium and by 
the density of that medium. (Adapted from a diagram by 
G. Miley) 


perhaps in bursts, from the nucleus into the cir- 
cumgalactic medium, where they pile up to form 
a lobe. 

Extended radio galaxies show a bending se- 
quence (Figure 24-12) from linear classical doubles 
to nuclear emission bunched up at one end of a tail. 
This sequence strongly implies that clusters of gal- 
axies contain a hot, ionized gas. Imagine that a gal- 
axy moving rapidly through this medium shoots 
out material (high-speed electrons, for instance) in 
a jet. The material flowing out of the galaxy is de- 
celerated by the intracluster medium, and the mov- 
ing galaxy leaves it behind. As the galaxy travels 
along, it leaves behind a radio-visible trail—a fossil 
record of where it’s been (Figure 24-13). The bend- 
ing sequence shows that a dense gas exists in clus- 
ters. The discovery of head-tail galaxies prompted 
the acceptance of intracluster gas before X-ray ob- 
servations confirmed its existence (at a density of 
10-*4-10-?7 kg/m) and showed it to be very hot 
(about 107 K). 

To sum up, as more extensive observations are 
made of radio galaxies, it appears that at least 50% 
of the classical doubles (which also have relatively 
high luminosities) show jets, which tend to be one- 
sided. About 80-90% of lower-luminosity radio 


galaxies exhibit jets—perhaps all of them do. The 
jets are typically two-sided, clumpy, and well- 
aligned for distances up to kiloparsecs. The physics 
of these cosmic radio jets is a critical, unsolved 
problem in modern astrophysics. 


24-4 
QUASARS: DISCOVERY 
AND DESCRIPTION 


In the late 1950s, radio astronomers compiled cat- 
alogs replete with radio sources that were not iden- 
tified with any familiar visible objects. Hunting for 
possible associations of radio and optical sources, 
Thomas Matthews and Allan Sandage in 1960 dis- 
covered a faint, 16th-magnitude, star-like object 
(hence the name quasi-stellar object, or quasar) at 
the position of radio object 3C 48. (3C means the 
Third Cambridge Catalog.) This object had a spec- 
trum of broad emission lines that could not be 
identified, and it emitted more ultraviolet light 
than an ordinary main-sequence star. 

3C 48 remained a unique object until 1963, 
when the strong radio source 3C 273 was identi- 
fied with a 13th-magnitude, star-like object (Figure 
24-14). The emission lines of 3C 273 were just as 
puzzling as the emission lines from 3C 48: they 
coincided with no known atomic lines. What was 
happening? 


Emission-Line Characteristics 


The first quasi-stellar object whose spectral redshift 
was identified was the radio source 3C 273. The 
emission lines in the spectrum of 3C 273 show a 
familiar regularity reminiscent of the hydrogen Bal- 
mer lines, but they seem to be greatly displaced to 
the red of the normal Balmer lines (Figure 24-15). 
Maarten Schmidt did identify them as the Balmer 
series, and he calculated a redshift of z = 0.158 
(where z is AA/Ag). With the acceptance of the con- 
cept of large values of z, other lines could be iden- 
tified. Most of the emission features, all of which 
are broad lines, are similar to those found in gas- 
eous nebulae and active galaxies. 

The spectra of most quasi-stellar objects show 
very broad emission lines similar to those found in 
the spectrum of 3C 273. The outstanding feature of 
these lines is the fact that they are all very greatly 


Figure 24-13 VLA map of the 0314+416 
head-tail galaxy NGC 1265. Note 
that the darkest areas represent the 
largest flux. (F. Owen, J. Burns, 
and L. Rudnick, National Radio As- 


tronomy Observatory) 30 
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Figure 24-14 The quasar 3C 273. Note the jet. (Palo- 
mar Observatory, California Institute of Technology) 
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shifted to the red, so that the redshift corresponds 
to values of z from 0.06 to greater than 4.0. For 
example, in several cases the Lyman line, normally 
121.6 nm is shifted into the visible part of the 
spectrum. 

Note that redshifts greater than unity require 
the use of the relativistic Doppler-shift formula 
rather than the classical one, 


LZ. => Ad/Ao = v/c 


which for z > 1 would imply that the source is 
moving faster than the speed of light! One form of 
the relativistic Doppler shift is 


z = AA/Ag = [(1 + 0/0/11 — v/o/2 - 1 


where AA = A — Ag, Ao is the original (laboratory) 
wavelength, v is the radial velocity, and c is the 
speed of light. Note that for v/c < 1, this equation 
reduces to the classical result. 


(24-1) 


[O I] 


478 Chapter 24 Active Galaxies and Quasars 
Hs, H, Hp 

a a 

Blue | 


Spectrum 


Comparison es a 
Hs H, Hg 


3889 A 5016 A 


Now we will use the relativistic Doppler shift 
to find v for quasars. Say z = 2; then 


Z=2= AA/Ao= [1 + v/O/1 — d/o? - 1 


so that 


(1 + v/)\/(1 — vfc) = 3* = 9 
v/e = 8/10 = 0.8 


Once identified, the emission lines from quasars 
can be analyzed in the same way as those from 
H II regions. This process indicates that a strong 
flux of ultraviolet and X-ray photons ionizes a low- 
density, transparent gas. Within that gas are 
clouds or filaments moving at high speeds— 
usually greater than 1000km/s—to explain the 
width of the emission lines. 


@ The Absorption-Line Spectra 


Although the emission lines of quasars first gained 
them notice and remain perhaps their most distin- 
guishing characteristic, their absorption line spectra 
also receive a great deal of observational attention. 
Most, perhaps all, quasars with emission-line red- 
shifts greater than 2.2 also have strong absorption 
lines in their spectra. The absorption-line redshifts 
are almost always less than or equal to the emis- 
sion-line redshift. 

In order to detect absorption lines, a very spe- 
cific set of conditions must be met. First, there must 
be a source of continuum emission. Second, located 
between the continuum source and the observer 
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Figure 24-15 Spectrum of 3C 273. 
The comparison spectrum below 
serves as a wavelength standard. Note 
this is a negative print, so emission 
lines appear darker. (M. Schmidt) 


Red 


there must be a medium capable of absorbing some 
of the continuum photons. The absorption lines 
provide much more information about the absorb- 
ing medium than they do about the source. Because 
quasars are probably located at great distances, the 
spatial position of the absorbing medium could be 
anywhere from quite near the quasar to deep in 
intergalactic space. 

In astrophysics, we frequently encounter veloc- 
ity differences between the source and the absorb- 
ing medium. The best example of this occurs when 
the medium is moving outward with respect to 
the source—an expanding shell model. This situa- 
tion causes spectral lines to have the well-known 
P-Cygni profile in which an absorption feature is 
found on the blue side of an emission feature (see 
Figure 18-10). Many quasar absorption lines have 
a P-Cygni character. 

R.J. Weymann has proposed a classification 
system for absorption-line systems in quasars. Fig- 
ure 24-16 illustrates three of the four classes in the 
spectrum of the quasar 0135.0-4001. The classes are 
described below: 


Type A: Broad Absorption Line (BAL) Quasars. 
In these spectra we see very wide troughs of 
absorption. Inferred ejection velocities range up 
to about 0.1c. 


Type B: Low-Velocity Sharp Line Systems. In 
these spectra we see velocity differences be- 
tween the absorbing and emitting regions of up 
to 3000 km/s. The C IV lines are most com- 
monly seen. 


Figure 24-16 C IV absorp- 1200 
tion lines in the quasar 
0135.0-4001. Three of the four 
kinds of absorption lines are 
seen here. Type A is the 
broad trough seen at an ob- 
served wavelength of 4230 A. 
Type B is represented by the 
narrow pair at z ~ 1.86, and 2 
there are four type C systems § 
at z= 1.62, 1.76, 1.78, and © 
1.83. The type D system (the 
Ly-a forest) would only be 400 
seen at wavelengths shorter 

than the Ly-a line (redshifted 


800 


here to 3470 A). (R. 200 etree 
Weymann) 0.080) 


4080 


Type C: Sharp Metallic Lines. Type C systems 
physically are not associated with the quasar. 


Type D: The Lyman-alpha Forest. These systems 
show sharp Ly-a lines and are not physically 
associated with the quasars. Often many sys- 
tems with different redshifts can be seen. 


How are we to interpret the absorption-line 
classes? Models for the BAL systems seemingly 
must put the absorbing gas in proximity to the qua- 
sars. One model proposes pre-existing interstellar 
clouds within about 1 kpc of the quasar nucleus, 
which is imbedded in an edge-on spiral galaxy. 
A high-velocity, low-density wind accelerates the 
clouds. Thus there are atoms flowing outward at 
a continuous range of velocities and capable of 
absorbing photons at a wide range of wave- 
lengths. 

Types B and C both feature narrow lines of the 
metals. Because elements heavier than hydrogen 
and helium are only created in stars, these lines 
must come from material originating in galaxies. 
The lowest velocity difference systems probably 
come from clouds within the parent galaxy or from 
galaxies in the same cluster. 

A most interesting controversy has arisen over 
one aspect of the sharp metallic lines. Some believe 
that there is evidence for a process termed line 
locking. Imagine that an atom is accelerated out- 


12,900 km/s (if CIV)! 
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ward by successive absorptions of photons from 
one of the emission lines. If the velocity becomes 
too great, the atom stops accelerating because the 
emission-line photons have been Doppler-shifted 
out of the acceptable range of wavelengths for ab- 
sorption by that atom. If the atom slows its out- 
ward flow, then it would again be susceptable to 
accelerating absorptions. Hence the outward flow 
is “locked” in velocity by the line absorption and 
emission properties of the gas. The controversy 
comes from the fact that not all specialists believe 
line locking to be very effective. 

The Lyman-alpha forest features lines of 
very low velocity dispersion—perhaps less than 
60 km/s. Thus the clouds responsible for the ab- 
sorptions must have temperatures less than about 
10° K. The high-velocity differences indicate that 
most of these clouds must be completely indepen- 
dent of the parent galaxy or even its cluster. For 
example, the spectrum of the quasar PHL 938 has 
an emission redshift of 1.955 and absorption red- 
shifts of 1.949, 1.945, and 0.613. It has been calcu- 
lated that light from a quasar with redshift of z = 
2.0 might cross 10 or 20 superclusters in traversing 
the whole path between the quasar and the Earth. 
The outskirts of the intervening galaxies seem the 
most likely means of accounting for about 60-70% 
of the Ly-a systems. The rest may be primordial 
gas clouds that have not formed galaxies. 
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Continuous Emission 


Like radio galaxies, when observed over a span of 
wavelengths from radio to X-rays, the continuous 
emission from quasars is nonthermal. Similarly, we 
find two distinct categories of spectral index—flat 
and steep, with the division at a ~ 0.5. The spec- 
tral indices range from 0.0 to 1.6. So synchrotron 
emission is most likely the source of the continuous 
radiation. 

Quasars also split into two groups when their 
polarization is examined. Most quasars have low 
polarizations (less than 3%). Only 1% or so of op- 
tically bright quasars have polarizations greater 
than 3% (up to 35%). The highly polarized quasars 
are compact radio sources, have flat radio spectra 
and steep optical ones, and exhibit rapid (days to 
years), large-amplitude variability at optical wave- 
lengths. Hence, high-polarization quasars share 
many characteristics with BL Lac objects 


© Optical Variability 


The optical variations of several quasars have been 
well established; in some cases, changes of as much 
as one to two magnitudes over a few months have 
been observed. Some of these variations are long- 
term, with time scales of years; in other cases, the 
brightness changes have been very rapid, with 
small changes (of the order of a few percent) oc- 
curring in a matter of 15 min. Other changes occur 
more slowly, over a matter of several days or a 
month or two. One phenomenal case, 3C 446, 
changed its luminosity by a factor of 20 within a 
year and continued to show sizable variations 
thereafter. Quasars that vary appreciably at radio 
frequencies are also optical variables. A strong cor- 
relation exists between optical variability and po- 
larization. In fact, the brightness changes are often 
accompanied by a variation in polarization, indi- 
cating that it is the polarized component that is re- 
sponsible for the light fluctuations. About 20% of 
known quasars have rapid (days to weeks) varia- 
tions at optical wavelengths (and also in the radio 
region). 

Optical variations are important in setting lim- 
its on the size of quasars. If an object varies with a 
period t, the radius of the object must be equal to 
or smaller than t¢ times the speed of light— 
R =ct. Outbursts at different places within the 
source would average out to only slight overall 
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changes if this limit did not hold. A total variation 
by any appreciable factor requires that the out- 
bursts be synchronized; this means that the signal 
from one region must travel the distance to all 
other regions within the period of variation. More- 
over, if an object with radius larger than ct varied 
as a whole, the light travel time would smooth out 
the time variations. If ct is 1 lightmonth but the 
object is 1ly in diameter, radiation from the far- 
thest point is delayed by 1 year relative to that from 
the side nearest the observer, masking the monthly 
variations. 

The fact that the variations in quasars have 
been observed to take place with time scales of less 
than 1 month (even days) suggests that the radius 
of the object must be about 1 lightday, or 103 m. 
The entire quasar need not participate in the vari- 
ation, but the fact that variations by a factor of 2 
and even more have been observed does mean that 
a very sizable portion of the total radiation from 
the object participates in this variation; so the re- 
gion from which this radiation arises is restricted 
by this size limitation. 


24-5 
PROBLEMS WITH QUASARS 


The main feature of quasars is their very large red- 
shifts. The most natural explanation of these red- 
shifts is a cosmological one: quasars participate in 
the Universe’s expansion. If so, their enormous red- 
shifts indicate that they are very far from us and 
must expend vast amounts of energy. For example, 
the redshift of 0.16c for 3C 273, if due to the ex- 
pansion of the Universe, implies a distance of 
480h~ Mpc. At this distance, to appear at its ob- 
served apparent magnitude of 13, 3C 273 must emit 
about 104° W, or about 40 times as much as the 
most luminous galaxies. A typical quasar produces 
about 1000 times as much power as an ordinary 
spiral galaxy, most of it emitted in the infrared. 
Not only do quasars emit energy at enormous 
rates, but that energy comes from relatively small 
regions of space in the quasar centers—from 
lighthours or lightdays to no more than a few light- 
years in diameter. Two pieces of evidence point to 
small energy-emitting volumes. First, the variation 
of light output over days to years. The size of 
the region that emits the energy can be no more 
than the light travel time across it, and so the 


regions cannot be larger than a few lightyears. 
Second, VLBI observations have revealed in some 
quasars radio structures that are no more than a 
few tens of lightyears in diameter (for a cosmo- 
logical redshift). 

This then defines the energy problem for qua- 
sars: how to generate about 100 times the energy 
of a galaxy in a region only a few lightyears across! 


Energy Sources 


Almost all of a quasar’s continuous spectrum 
comes from synchrotron emission: high-speed elec- 
trons gyrating in a magnetic field. As these elec- 
trons emit electromagnetic radiation, they lose en- 
ergy and move more slowly. So they emit radiation 
with increasingly lower energy. This loss of speedy 
electrons implies that the supply of high-energy 
ones must be replenished at least about every year 
or so. The central energy source of a quasar must 
yearly blast out clouds of high-energy electrons 
containing a total of at least 104° J. The rest of the 
quasar acts like a transformation machine, trapping 
the energy of electrons and converting it to other 
forms. What energy source lies at the heart of a 
quasar? 

The most developed quasar model to date in- 
volves supermassive black holes, objects of mass 
about 107-10°Mo. This model originates from that 
for binary X-ray sources (Chapter 17), in which ma- 
terial from a normal star forms an accretion disk 
around a black hole before the material falls into 
it. In the quasar model, a supermassive black hole 
in a dense galactic nucleus is fueled by the tidal 
disruption of passing stars. The stellar material 
forms an accretion disk and radiates as it spirals 
into the black hole, powering the quasar. Outflows 
of ionized gas may be generated perpendicular to 
the spin axis of the disk; these may be visible as 
jets from the nucleus [Section 24—3(C)]. 

The model calculations show that luminosities 
of 10!2Lo, about that of bright quasars, are possible 
with an infall of 1Mo or less of material per year. 
One aspect of this model that works is that the su- 
permassive black hole can easily generate the level 
of quasar luminosity in a region of space only a 
few lightyears in diameter (the Schwarzschild ra- 
dius of a 108Mo black hole is only 3 x 108km, 
or about 2 AU). And it does the energy conver- 
sion (from gravitational to radiative) with high 
efficiency. 
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P Conceoy AppIcation 


Feeding Black Holes 


How can the infall of matter onto a black hole re- 
lease the energy needed to power AGN activity? 
Doesn't a black hole absorb everything near it? 
How can a black hole eject material? The answer 
to the second question is no. Falling into a black 
hole is inevitable only for material that is extremely 
close to the Schwarzschild radius (remember that 


- if the Sun suddenly became a black hole, the Earth 


would still be in a normal orbit). From Equation 
17-7b, we see that the Schwarzschild radius for a 
10°Mo black hole would be 3 X 10? km, about the 
size of the orbit of Uranus. The gas in the BLR may 
extend 10-100 times farther out than this. As gas 
in the inner accretion disk spirals in toward the 
black hole, it releases energy. We can estimate the 
amount of energy by calculating the potential en- 
ergy released as a mass m is brought in from infin- 
ity to the Schwarzschild radius by 


PE = —GMm/R 


For 1Mo of material falling onto a 10°Mo black 
hole, we would find that the energy released would 
be 8 X 104°J. If this were all converted into light, 
the luminosity of 1Mo/year would be L ~ 25 x 
10°? W = 6 X 102 Lo—enough to power an 
AGN. However, the conversion of energy into light 
would not be 100% efficient. A portion of the en- 
ergy would be converted into kinetic energy of 
bulk flows of gas through direct absorption of ra- 
diation by the gas or by a variety of magnetic or 
hydrodynamic processes. The net result is that mat- 
ter would flow outward from the area around the 
black hole. We see that the inflow of roughly 
1Mo of material per year onto a supermassive 
black hole can account for the behavior of AGNs. 


@ Superluminal Motions 


VLBI radio observations have also presented a new 
puzzle with several quasars. Parts of these objects 
appear to be moving with speeds greater than c! 
This apparent faster-than-light motion is called su- 
perluminal motion. 

A good example is 3C 273. Recall that it has an 
optical jet about 100 pc long. Its radio emission 
comes mainly from the body of the quasar (called 
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Figure 24-17 Motions in 3C 273. High-resolution radio 
maps at 10.65 GHz show a blob of material moving away 
from the nucleus. (T.J. Pearson, S.C Unwin, M.H. Cohen, 
R.P. Linfield, A.C.S. Readhead, G.A. Seielstad, R.S. Simon, 
and R.C. Walker, Owens Valley Radio Observatory and the 
National Radio Astronomy Observatory) 
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3C 273B) and from near the end of the jet (called 
3C 273A). So 3C 273 has a core with a radio jet 
protruding from it. A series of radio observations 
from 1977 to 1980 showed that a knot in the source 
has steadily moved away from the central peak 
(Figure 24-17). The total separation has increased 
in the three years by 2 marcsec. The expansion 
seems to have happened at a constant rate over this 
time. Now, if 3C 273 is at a distance given by its 
redshift, the observed angular separation rate cor- 
responds to a transverse velocity of almost six times 
the speed of light! 

Sources that show superluminal motions all 
have a common feature: a radio structure consist- 
ing of a strong central source with a weaker jet out 
one side. So they resemble nearby radio galaxies 
with single jets, such as Centaurus A. These jets are 
thought to be electrons flowing outward at close to 
the speed of light from a nuclear source; they may 
be relativistic jets. The same process may occur in 
the superluminal sources. In 3C 273, the jet is point- 
ing almost directly at us (tilted only about 10° away 
from a perfect alignment). The moving knot is a 
blob of material streaming out along the jet. The 
knot is not moving faster than the speed of light, 
however—it only appears to be. The apparent su- 
perluminal speed is an optical illusion caused by 
the almost head-on orientation of the relativistic jet 
and the finite speed of light. 

To understand this effect, consider a jet emit- 
ting blobs of material moving at close to c. Suppose 
that the jet opens at some small angle, say 8° with 
respect to our line-of-sight (Figure 24-18). Imagine 
that a blob ejected by the nucleus (point N) gets to 
point A in 101 years. Suppose that the light emitted 
from the blob when it was at N reaches point B 
after 100 years. The separation between A and B is 
14 ly (for an 8° angle), but the light at B is one year 


_ ahead of that emitted by the blob when it reaches 


A. (It has taken 100 years for the light from N to 
reach B; 101 years for the blob to reach A.) Many 
years later, the light that was at B reaches us; only 
one year later, that emitted at A reaches us. The 
source seems to have moved from B to A—14 ly— 
in only one year. It seems to have a transverse 
speed of 14c. Yet no such physical motion has oc- 
curred. The superluminal velocity is only an ap- 
parent motion. And the smaller the angle of the jet 
to our line-of-sight, the faster the apparently su- 
perluminal motion will appear. 

The main point is that bulk relativistic linear 


o Jet 101 Lightyears 
8 \ y' a 


14 
N Lightyears 
To B 
Earth 100 Lightyears 
Figure 24-18 Geometry for superluminal motions. 


motion aligned close to the line-of-sight provides a 
simple explanation for rapid flux density outbursts, 
the superluminal motions, and the strength of the 
emission in the jets. Physically, this model requires 
that the speeds in the beam be very close to light 
(0.99c or greater) and that the Lorentz factor y, de- 
fined by 


ea ee 


where B = v/c, is on the order of 10. For B = 1, 
for small angles 6 to the line-of-sight, the apparent 
transverse velocity is 


v = 2c/sin 0 


so for 6 = 8°, as in the preceding example, the ap- 
parent transverse velocity is increased by a factor 
of 7. Also, relativistic effects concentrate the flux in 
a narrow forward beam—an effect known as rela- 
tivistic beaming—that boosts the observed flux. 
For a beam that is head-on with y > 1, the flux is 
increased in proportion to y3, so that if y = 10, the 
flux goes up by 10° relative to an unbeamed signal. 


Double Quasars and 
Gravitational Lenses 


Another optical illusion related to quasars derives 
from the bending of light in strong gravitational 
fields—an effect predicted by general relativity and 
confirmed in the Solar System by the bending of 
starlight as rays pass close to the Sun. Large masses 
can image light, usually imperfectly. Recently, ob- 
servations of quasars have confirmed this gravita- 
tional-lens effect on a cosmological scale. 

Quasars are rarely close together. Two called 
0957 + 561A and 0957 + 561B are only 6 arcsec 
apart. Even more surprising, their spectra are 
nearly identical (in line positions and intensities), 
and their redshifts are the same: z = 1.41. It turns 
out that these quasars are not twins but rather op- 
tical images of the same quasar made by an inter- 
vening galaxy. Photographs made on a night of ex- 


24-5 Problems with Quasars 483 


ceptionally good seeing show that quasar B has 
a little piece of “fuzz” sticking out of it (Figure 
24-19A). This fuzz turns out to be the poorly re- 
solved image of a faint galaxy—the gravitational 
lens! Because the galaxy is an extended mass, how- 
ever, it acts like an imperfect lens and produces a 
complex pattern of up to three images. By a quirk 
of placement, we see two of the three images 
formed by a gravitational lens: an intervening, el- 
liptical (probably cD, with mass ~107Mo) galaxy 
between us and the quasar (Figure 24-19B). 

This discovery has three important implica- 
tions: (1) it provides another confirmation of gen- 
eral relativity; (2) it proves in this case that the qua- 
sar is more distant than the galaxy, and so the 
quasar’s redshift is cosmological; (3) cool gas 
around the galaxy creates the quasar’s absorption- 
line spectrum; this situation may well be the case 
of other quasars, too. 


@® A Unified Model for AGNs 


We have now examined the observations of Seyfert 
galaxies, BL Lac objects, radio galaxies, and qua- 
sars. In optical light, the quasars seem to be a 
higher luminosity, more distant analog to Seyfert 
galaxies, and BL Lac objects seem only to lack the 
emission-line features of quasars. At longer wave- 
lengths, the radio galaxies and radio loud quasars 
are very similar, as are the radio quiet quasars and 
Seyfert galaxies. A growing belief is that the un- 
derlying physics is the same in all these classes. 
This leads to a unified model of AGN activity, whose 
basic element is the infall of gas from an accretion 
disk onto a supermassive black hole. Enormous 
amounts of gravitational potential energy can be 
directly converted into photons and indirectly con- 
verted into outwardly streaming gas motions. Syn- 
chrotron continuum radiation is generated near the 
accretion disk and may generally extend from long 
radio wavelengths to very short X-ray wave- 
lengths. Optical emission lines, both broad and nar- 
row, are formed as electrons recombine with gas 
that was ionized by the central continuum source. 
Along the axes of the accretion disk, collimated 
beams form jets. 

What makes an AGN be viewed from the Earth 
as any one particular type of object? The answer 
seems to depend primarily upon (1) the orientation 
of the accretion disk axis to our line-of-sight and 
(2) the amount of dust and gas near the nucleus. If 
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56°08'25” 


20" 


Declination 


15" 


09°57™58.0° 57.5 57.0 
Right Ascension 


(B) 


we see the active nucleus along the axis, we are 
most likely to observe the galaxy as a BL Lac object, 
in which the beamed continuum radiation over- 
whelms the line radiation. If we view the nucleus 
along the plane of the accretion disk, then dust 
clouds lying in the plane may obscure the BLR so 
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Figure 24-19 The double quasar. (A) 
Optical negative image on a night of 
excellent seeing; note the fuzz sticking 
up from the lower image. (A. Stockton) 
(B) Radio map at 6cm done with the 
VLA. The double quasar (A and B) is 
seen; note that A has a jet flowing into 
two lobes (C and D). G has properties 
similar to those of an active elliptical 
galaxy. (D.H. Roberts, P.E. Greenfield, 
J.N. Hewitt, B.F. Burke, and A.K. Dupree, 
National Radio Astronomy Observatory) 


that we see only the NLR. From oblique angles, we 
might see both the BLR and NLR. The amount of 
dust and gas near the AGN object would be tightly 
correlated with the overall morphological type of 
the host galaxy. Ellipticals would have far fewer 
dust and gas clouds; so the collimated jets would 


be less likely to be confined than they would if pro- 
duced at the nucleus of a spiral galaxy. Because the 
most powerful radio galaxies lie in elliptical gal- 
axies and spirals tend to produce relatively weak 
radio sources, the effects of morphology on gas 
seem quite consistent. 

One of the strongest lines of evidence for the 
unified models comes from observations of Seyfert 
1.5 and 2 galaxies. A handful have been observed 
to vary between the two types, probably from dust 
cloud motions near the nucleus, and Seyfert 2s of- 
ten show a hint of broad lines in their polarized 
(i.e., dust-reflected) light. New observations of one 
extremely unusual object, Arp 220, have added 
more to our understanding of unification. This ob- 
ject, also known as IC 4553, is possibly the most 
luminous galaxy yet observed. It shows evidence 
for both very luminous infrared emission (98% of 
all radiated energy and comparable in total to the 
luminosity of quasars) from the galaxy as a whole 
(probably a starburst phenomenon) and optical, in- 
frared, and radio radiation from a small region sur- 
rounding a central AGN. Indeed, infrared and ra- 
dio imaging shows that there are two nuclei, both 
of which are AGNs. Added to all this activity, Arp 
220 has also become the prototype for a new class 
of objects, the so-called megamasers (because its 
OH maser emission has at least 10,000 times the 
luminosity of galactic molecular masers). Other ul- 
traluminous infrared galaxies are known, and this 
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class may be the “quasar type 2” analog to the Sey- 
fert type 2s in that they are in dusty spiral galaxies, 
are radio quiet, and show no broad emission lines. 

We are increasingly aware of another connec- 
tion among AGNs that is well illustrated by the 
double nucleus of Arp 220. When we study the sur- 
roundings of AGNs, we see an unusually large in- 
cidence of close companions—a cannibalized com- 
panion in the case of Arp 220. Perhaps AGNs need 
the perturbing action of close gravitational encoun- 


_ters to trigger the phenomenon. Additional infor- 


mation on galaxy companions comes from Hubble 
Space Telescope studies of the host galaxies of qua- 
sars. When first discovered, quasars seemed to 
have unresolved images like those of stars. With 
time, ground observations of more than 200 qua- 
sars have shown that they are embedded in host 
galaxies, and there is no convincing statistical rea- 
son to believe that there is a population of quasars 
that are not embedded in galaxies. These observa- 
tions are quite difficult both because of the small 
angular size of the galaxies resulting from their 
large distances and because of the vast difference 
in light intensity between the luminous nucleus 
and the faint surrounding gas and stars. New HST 
observations of a small sample of quasars show 
that the host galaxies tend to be ellipticals, and they 
have strong circumstantial evidence for interaction 
because each image shows at least one other galaxy 
quite close to the quasar. 
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A variety of galaxies show unusual activity in their nu- 
clei. These AGNs include 


Seyfert galaxies 
LINERS 

Radio galaxies 

BL Lacertae objects 
Molecular megamasers 
Quasars 


Observed properties of AGNs include 
High luminosities arising from small volumes 
Rapid variability 
Broad and narrow emission-line radiation 


Nonthermal radiation 
Radio emission 

Jets 

Close companions 


The unified model of AGNs hypothesizes a supermas- 
sive black hole fed by infalling gas from an accretion 
disk. The specific type of AGN that we observe on 
Earth is largely determined by the type of host galaxy 
and the inclination of the line-of-sight with the sym- 
metry axis of the black hole/accretion disk. 


Lyman-alpha absorption-line systems seen in quasar 
spectra help us study galaxies and gas in the interven- 
ing volumes of the Universe. 
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Apparent superluminal motions in the radio-emitting 
regions of AGNs can be explained by relativistic 
beaming. 


Several quasars have been found to have multiple im- 
ages when intervening galaxies are located nearly along 
the line-of-sight. 
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1. The special theory of relativity says that no material 4. 3C 9 is a quasi-stellar object that has a redshift of 2.0 


object can move faster than the speed of light. The 

classical Doppler formula says that when the redshift 

z is greater than unity, we have v > c (which is 

impossible). 

(a) Referring to Chapter 8, derive the exact relativistic 
relation between v and z. Express your result in 
the form v = f(z). 

(b) Make a table with three columns: column one for 
z, where you should enter five exemplary values 
of z from 0 to 3.0; the second column headed 
(v/c)ca, Where you compute the classical nonrel- 
ativistic result for your five values of z; and the 
last column headed (v/c),e1, where you use your 
formula from part (a). 


. Assume that the optical galaxy associated with the 
radio source Centaurus A is the same size as our 
Galaxy and draw a scale diagram of the radio and 
optical emission regions of Centaurus A. Clearly in- 
dicate the dimensions and the relative positions of 
the various components. 


. The radio galaxy Cygnus A has an observed radio 
flux density of 2.18 x 10-23 W/m? - Hz at a fre- 
quency of 103 MHz. (Note that the unit of bandwidth 
Av is 1 Hz.) The observed redshift of the galaxy is 
AA/Ag = z = 0.170. 

(a) If the radiation is received at 103? MHz, at what 

(rest) frequency was it emitted by Cygnus A? 

(b) What is the distance to Cygnus A? (Use a Hubble 

constant of Hy = 50 km/s - Mpc.) 

(c) What is the radio luminosity (W/Hz) of this radio 

source at 103 MHz? 

(d) To find the total radio luminosity of Cygnus A, 
we must multiply the result of part (c) by the 
bandwidth Av of our detector. Assume Av = 
10* Hz and compute the energy radiated per sec- 
ond at radio frequencies. 

What is the minimum mass of hydrogen (in solar 

masses) that must be converted to helium during 

each second to provide this luminosity? 

(f) If Cygnus A continues to radiate at this rate for 
108 years, how many solar masses of hydrogen 
must be converted to helium? Express this result 
in terms of the mass of our Galaxy (~10!2Mo). 


— 


(e 


10. 


and an apparent visual magnitude of 18.2. Answer 

the following questions using the cosmological inter- 

pretation of the redshift. 

(a) What is the speed of recession? 

(b) What is the distance to 3C 9? 

(c) What is the intrinsic luminesity relative to that of 
our Galaxy? 

(d) What is the maximum size of the emitting region 
if 3C 9 exhibits luminosity variations on a time 
scale of two months? 


. (a) Quasar 3C 273 has a redshift of 0.16. What is its 


distance? 

(b) The V magnitude of 3C 273 is 12.8. What is its 
flux density at V band? Its luminosity at V band? 

(c) The fuzz around 3C 273 has a diameter of 15”. 
What is its linear size? 

(d) The absolute magnitude of the fuzz is —25. What 
is its luminosity? 


. The quasar PKS 1402 + 044 has a redshift of 3.2. 


What is its distance? Note that z > 1! 


. Observations of the radio jet in Cen A indicate that 


the spectral index is about 0.5. The 20-cm flux density 
of the strongest blob of the jet is 23 Jy (janskies, 
1 Jy = 10-76 W/m? - Hz). If this emission is synchro- 
tron, what should the flux density be at 22 um? 


. (a) How close must a star pass a black hole of mass 


10°Mo to be disrupted tidally? 

(b) What yearly rate of matter infall is needed to 
power a quasar at 10°? W if a black hole of mass 
10°Mo lies in its core? 


. In Cen A, the radio jet and the innermost lobe are 


separated by a distance of 4 arcmin. 

(a) What is their physical separation? 

(b) How long would it take relativistic electrons to 
travel from the jet to the lobe? 


The quasar 1059 + 730 has a redshift of 0.089. 

(a) What is the distance to the quasar if the redshift 
is cosmological? What is the range, given the un- 
certainty in Ho? 


11. 


12. 


13. 


14. 


15. 


(b) The fuzz around the quasar has an angular size 
of 9” X 16”. What is its physical size? How does 
this compare with the size of a typical spiral 
galaxy? 

(c) The supernova observed in 1059 + 730 had an 
apparent V magnitude of 19.6. Use this value to 
estimate the distance to the quasar. Compare this 
value with your results from (a). 


The argument is often made that the dimensions of 

an object with variable brightness cannot exceed the 

speed of light times the time scale of the variations. 

Critically examine this argument by considering 

(a) two nonspherical geometries 

(b) special relativistic effects (note that observed time 
intervals are inversely proportional to observed 
frequencies) 


The quasar NRAO 140 (z = 1.26) has a compact ra- 
dio component that moves at an angular speed of 
0.15 marcsec/year. What is that apparent velocity of 
the component as a percentage of c? (Multiply your 
answer by 1 + z to correct for relativistic time dila- 
tion. Use a Hubble constant of 50 km/s - Mpc.) 


A quasar has an emission line, identified as Ly-a of 
hydrogen (Ag = 121.6nm), that is observed at 
581.2 nm. Calculate the redshift and distance to the 
quasar for a Hubble constant of 50 km/s - Mpc. How 
fast is the quasar moving away from us? 


At what redshift is the Ly-a line brought into a vis- 
ible light detector that is sensitive to photons of 
wavelength greater than 370 nm? 


Discuss the evidence that Seyfert 1, Seyfert 2, LI- 
NERs, radio galaxies, BL Lac objects, and quasars are 


16. 


17. 


18. 


19. 


20. 
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all related and should be lumped together into one 
class called AGNs. What kinds of physical phenom- 
ena or conditions make us detect these objects as dif- 
ferent classes when we observe them? 


How fast would a dust cloud have to be moving to 
occult a typical Seyfert galaxy BLR in the time scale 
of one year? Assume that the cloud is in circular orbit 
around the galaxy nucleus. 


To appreciate the observational difficulties associated 
with trying to detect a galaxy’s stellar emission 
around a distant quasar, calculate the apparent mag- 
nitude (ignore the k-correction) and angular size that 
a large, luminous galaxy (M = —21; R = 50 kpc) 
would have at a redshift of 

(a) z = 0.1 

(b) z = 1.0 

(Hint: Use H = 50km/s « Mpc.) 


Using Figure 24-15, determine the redshift of the 
quasar 3C 273. How well does your measurement 
compare with the accepted value of z = 0.158? 


Which of the emission lines listed in Table 24-1 
would be observable in the visible portion of the elec- 
tromagnetic spectrum (from 390 to 720 nm) for a qua- 
sar with the following redshifts? 


(a) z= 0.1 
(b) z = 1.0 
(c) z = 4.0 
(a) Calculate the Schwarzschild radius of a 107Mo 


black hole. 
(b) What is the average density inside the Schwarz- 
schild radius? 


Cosmology: The Big 
Bang and Beyond 


I: this chapter we will look at the two most im- 
portant new concepts about our Universe to 
come after Hubble’s great discoveries of the 1920s. 
One of these is theoretical—the development of 
models of the Universe based on general relativity. 
The second is observational—the discovery of the 
microwave background radiation that showed that 
the origin of the Universe was an inferno of un- 
imaginable heat and fury. 


25-1 
STEPS TOWARD GENERAL RELATIVITY 


Cosmology means the science of the cosmos, or 
Universe. A cosmologist is not very concerned with 
details like comets, planets, stars, etc. Even such 
large objects as galaxies are thought of primarily as 
markers that indicate where matter lies, allowing 
us to find their motions, distributions, and num- 
bers. We'll first concentrate on theoretical models 
of the Universe. Then, at the end of the chapter, we 
will discuss how these theories stand up to the 
observations. 

We will focus on relativistic cosmology—mod- 
els that rely on Einstein’s theory of relativity. With 
the appearance of Einstein’s special (1905) and gen- 
eral (1915) theories of relativity, theoretical cos- 
mology became a true science. In the special theory, 
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' Einstein united space and time in a four-dimen- 


sional spacetime continuum and deduced the cor- 
rect kinematic theory for all objects in uniform mo- 
tion. The general theory (GR) is a theory of gravitation 
that supplants Newton’s laws. In its geometry, 
spacetime is curved and the trajectories of objects 
are determined by this curvature; the curvature, in 
turn, is produced by the material and energy con- 
tent of the Universe. In contrast to Newton’s view, 
Einstein saw gravity not as a force but as a mani- 
festation of the curvature of spacetime. Although 
general relativity is certainly an improvement, cal- 


culations of particle motions by means of Newto- 
nian mechanics work well in all but the most ex- 
treme gravitational fields or over the most extreme 
distances. 


Special Relativity 


One of the great advances of special relativity can 
best be expressed by the following equation: 


dl? = c dt? — dx? — dy* — dz? = (25-1) 


On the right side, we see infinitesimals of the three 
standard Cartesian coordinates (polar, cylindrical, 
etc., could be substituted), but additionally we see 
an infinitesimal of the time coordinate playing a 
role equal to that of the spatial coordinates. Note 
the similarity of this equation to the Pythagorean 
theorem. In this light, dl is seen to be the separation 
of two points in a four-dimensional space. We have 
given this four-dimensional construct the name 
spacetime. Special relativity assumes that, for any 
two events, dl? is the same for all observers trav- 
eling in inertial frames (unaccelerated motion). 
Note that the difference in signs on the right side 
indicates that the time coordinate is not precisely 
the same as the spatial coordinates. If we took a 
square root, the time and space coordinates would 
differ by a factor of the imaginary number i. Nev- 
ertheless, with this theory, time has taken its place 
as a component of our four-dimensional Universe 
that is on the same level of importance as space. 

Special relativity has been successfully verified. 
However, its usefulness to cosmology is limited be- 
cause it only applies to unaccelerated objects. 
Therefore, a force such as gravity, which dominates 
the dynamics of the Universe, would accelerate 
particles and be beyond the pale of special relativ- 
ity. For this reason, we need a relativistic theory 
that includes gravitation, and this is the realm of 
general relativity. 

Special relativity is discussed also in Chapter P3. 


@ Newtonian Cosmology 


Before we develop the equations of motion for a 
relativistic Universe, we will do so for a Newtonian 
model. These equations have a direct analogy to 
the relativistic ones, and they are physically a bit 
easier to intuit. Assume here that the Universe is 
infinite and homogeneous, that the speed of light 
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is infinite, and that, as a consequence, a universal 
time (absolute time) applies to all observers. 

Newton proved that only the matter interior to 
some point affects the motion at that point if the 
distribution of matter is homogeneous (which we 
assume). Consider the matter in the Universe to be 
a noninteracting gas (so that pressure = 0); then 
the equation of motion for a test particle is 


d?R/dt? = —GM(R)/R? (25-2) 
where M(R) is the mass interior to R: 
R 
M(R) = an | p(r)r2 dr 
0 
= (4/3) apR? 


because p(r) = p = constant. Multiply Equation 


25-2 by dR/dt to get 
(dR/dt)(d?R/dt?) = —[GM(R)/R?](dR/dt) (25-3) 


Integrate this equation with respect to ft: 
t t 
[ (dR/dt)(d?R/dt?) + [ temerreyansay =0 
ty 0 


To do this integration, note that 


d/dt[(dR/dt)2/2] = 2{(dR/dt)/2](d2R /dt?) 
= (dR/dt\(d2R/dt?) 


so that we get 
(dR/dt)?/2 — GM(R)/R = k = constant 
but M(R) = (4/3)7pR°, and so 
(dR/dt)?/2 — (4/3)mGpR? = k 

Dividing this equation by R* and multiplying by 2, 

we have 
[(dR/dt)/R}? — (87/3)Gp 
((R/dt)/RP 
(dR/dt)/R 


2k/R? 

87Gp/3 + 2k/R2 

(8Gp/3 + 2k/R2)1/2 
(25-4) 


ll 


What does this equation mean? Note that R = 0. 
So if we start (initial condition) with (dR/dt)/R > 
0 (expansion), then 


k = 0 means (dR/dt)/R is always greater than 0 
k > 0 means (dR/dt)/R is always greater than 0 
k < 0 means (dR/dt)/R eventually equals 0 and 
expansion “turns around” 
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Equation 25-4 in essence is the energy form of the 
escape-velocity equation. Recall that 


Vesc = (2GM/R)'/? 
so that 
Vese/R = [(8/3)mGp]/? 


which is Equation 25-4 for the case k = 0 (total 
energy equals zero at infinity). We see here a clas- 
sically derived description of a dynamical Universe. 
If p is small, this model expands forever; but, if p 
is larger than a critical value, expansion speed 
might be less than V,,., and the Universe eventu- 
ally will collapse. 


25-2 
EINSTEIN’S THEORY OF 
GENERAL RELATIVITY 


With his general theory of relativity in 1915, Ein- 
stein replaced the force of gravitation by a coupling 
between this geometric spacetime and the material 
content of the Universe. He noted that Newton de- 
fined mass by two different operations: Newton’s 
second law and the law of gravitation. Suppose 
you apply a known force to an object and measure 
its acceleration. When the force and acceleration 
are known, Newton’s second law gives the object’s 
mass—its inertial mass. Now take the same object 
and weigh it. Weight is a force, the amount of grav- 
itational force acting on the object. Mass measured 
this way is called gravitational mass. Newton be- 
lieved that an object’s inertial mass and its gravi- 
tational mass were the same. He knew this from 
Galileo’s experiments with falling bodies as well 
from his own careful experiments. These results 
demonstrated that, near the Earth, all masses fall 
with the same acceleration. 

Experimentally, this equality of gravitational 
and inertial mass holds true to a very high degree 
of accuracy. To the limits of sensitivity of the test- 
ing methods, no difference has ever been detected. 
The best experiment to date, done by V.B. Bragin- 
sky and V.I. Panov at Moscow University, found 
the inertial and gravitational masses of gold and 
platinum to be the same within one part in 10). 
Einstein felt that the equality of gravitational and in- 
ertial mass was no accident. He saw it as a funda- 
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mental fact about the Universe and gave it a special 
place in the general theory as the principle of 
equivalence. Here is Einstein’s own example of the 
principle of equivalence. Imagine that you are on 
the Earth in a spacecraft. You drop objects in the 
spacecraft, measure their accelerations, and find 
that they all fall with the same acceleration, 
98 m/s”. Now suppose that, without your knowl- 
edge, you and the spacecraft are instantly trans- 
ported out into space and constantly accelerated at 
9.8m/s*. As you continue your experiment, no 
change occurs in the acceleration of the falling ob- 
jects. It remains 9.8 m/s?. Only by looking out a 
window could you tell that you had left the Earth. 
You cannot, by your experiments, distinguish be- 
tween gravitational mass and inertial mass. 

The principle of equivalence provides a way to 
cancel out gravity locally. Put yourself in an ele- 
vator in a tall building. Let the elevator free-fall. 
You find yourself weightless; gravity has vanished! 
Transport yourself into space far away from any 
large masses. Your condition is the same—you are 
weightless without gravity. You might object that 
in this example of a free-fall, gravity will reappear 
quite dramatically when the elevator hits the 
ground. Imagine, however, a long tunnel drilled 
through the Earth, so that the elevator never hits 
the ground. Then the elevator would free-fall back 
and forth from one side of the Earth to the other, 
completing a cycle in about 84 min. Throughout 
this swing, no acceleration would be felt inside the 
elevator, even though it’s passing through the 
Earth! Note that if we dropped two test particles— 
one from each pole—through the tunnel, they 
would execute simple harmonic motion with a pe- 
riod of 84 min. Relative to each other, their paths 
would be curved (Figure 25-1). So this experiment 
demonstrates that spacetime within the Earth is 
curved. In Einstein’s general theory of relativity, the 
distribution of mass (and energy) determines the 
geometry of spacetime. A massive object produces 
a curvature of nearby spacetime. And that curva- 
ture shows itself by accelerated motion, which 
Newton would say was caused by gravitational 
forces. In other words, spacetime curvature is pro- 
portional to mass-energy density. Therefore, cos- 
mological models may be constructed by making 
reasonable estimates of the type and amount of ma- 
terial content of the Universe; the equations of gen- 
eral relativity then yield the evolutionary behavior 
of the model. 


Figure 25-1 Motion of two masses 
falling through the Earth. One oscil- 
lation takes about 84 min. 


Geometrical Results 


Although the basic theory is attributable to Ein- 
stein, he did not follow through in examining the 
consequences of dynamical models of the Universe. 
Instead, this work was initiated in relative obscu- 
rity by the Russian mathematician A. Friedmann 
and only brought to the attention of the rest of the 
world after Hubble’s observations of an expanding 
Universe. 

Let’s examine general relativity (GR) in more 
detail. An alternative approach is discussed in 
Chapter P7. In the spirit of Equation 25-1, we can 
write a generalization as follows: 


4 4 
di?= > Dd g., dx dx” (25-5) 


B=1 v=1 


This is a tensor equation with the matrix of g,, 
called the metric of spacetime. You can see that 
Equation 25-1 can be obtained from Equation 
25-5 if guy = 0 for w# v and if 3 = g22 = 
833 = —1, and g4q = +1. Deviations from the flat 
metric of special relativity represent curved space- 
time. As an example, near the surface of a neutron 
star, the components of the metric deviate from the 
flat values by about 10%. 

In order to pursue Friedmann’s models, we 
must assume that the Universe is isotropic and ho- 
mogeneous; this assumption is so crucial that it is 
given the name of the cosmological principle. Es- 
sentially no theoretical progress is possible without 
starting at this point. We must also assume that the 
speed of light is finite and constant (no universal 
time). 

We now can write a specific version of the met- 
ric of the Universe. This expression is quite general 
under these assumptions and is called the Robertson- 
Walker metric. 
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dr? 
2 = 2 a2 _ 2 e 
dl? = c? dt? — R(t) Ss 


+ r2(d6? + sin? 6 ‘6? (25-6) 


In this equation 7, 6, and ¢ are comoving coordinates. 
They are fixed on galaxies and are dimensionless. 
Also k is formally a free parameter and can have 
the values —1, 0, or +1, which describe positive, 
zero, and negative curvature spaces, respectively. 
The function R(t) is the scale size, having the di- 
mension of length, and it represents a dynamical 
Universe if it changes with time. 


Distances and Coordinates 


The quantity r in Equation 25-6 is not the measur- 
able distance between two points. In order to find 
distances, we need to integrate the following: 


r 
= [a 
0 


; dr 
re | V1 — kr2 


R sin?! rk = 41 
Rr;k = 0O (25-7) 


R sin r; k = -1 


Here we have rotated the coordinate system into 
the 6= ¢=0 plane but have not lost any 
generality. 

Next, consider the paths of photons. They fol- 
low null geodesics, which are defined by dl? = 0. 
From Equation 25-6 we see that 


dr se 
SSS = ia (25-8) 
[ Vi-k& © f R(t) 
Using Equation 25-7, we find 
a | ee (25-9) 
r =Cc — = 
sinh? r Fea 
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where fg is the time of photon detection and f, is 
the time of emission. 

Next we introduce two important expressions. 
The first is known as the Lemaitre equation 


1+z= Ro/R, (25-10) 


where again the subscripts refer to the epoch of 
emission and reception of the photons. The second 
expresses the geometrical dynamics of the Uni- 
verse; it is (with a dot representing the derivative 
with respect to time; two dots for the second 


derivative) 
.\2 2 
R\ | 2K _ _kc? 
R R R2 


We are now at a position where we could investi- 
gate world models in detail. For example, integrat- 
ing Equation 25-11 gives R(t), which can be related 
to the observable redshift and the coordinate r by 
means of Equations 25-10 and 25-9. 

Let’s look at one specific case—the flat space 
solution to Equation 25-11. Here k = 0, and we 
find that 


(25-11) 


R(t) = R (to)(ti/to)?/* 


This is a very important result. It shows that the 
expansion of this model Universe follows a power 
law form. Figure 25-2 illustrates R(t) for the three 
models, and one can see that power law expansion 


(25-12) 


Open 
f Flat 
z 
Closed 
a 


Figure 25-2 Dynamics of cosmological models. For iso- 
tropic and homogeneous models, distances vary with 
time depending on the overall geometry (open, flat, or 
closed). 
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approximately holds for the other two models dur- 
ing the early phases of the Universe (probably up 
to the present) as well. 

Let’s look at one more purely geometric result. 
Notice that all three possible expressions for the 
right-hand side of Equation 25-7 approximate Rr 
for r < 1. Therefore, 


1 = R(t)r 


In words, the measurable distance equals the scale 
factor of the Universe multiplied by the coordinate 
distance. Now speed is just the time derivative of 
the distance, so 


but 7 


so 
(25-13) 


Examine the quantity R/R; it has the dimensions 
of t-!. These are the same dimensions as Hubble’s 
constant H. Indeed, 


H = R/R (25-14) 


So Equation 25-13 is a statement of Hubble’s law 
that was derived by assuming only homogeneity 
and isotropy! Note that it was derived by approx- 
imating r < 1, so at large distances the simple 
form of Hubble’s law might not hold; this is a po- 
tentially important way of discriminating among 
models. 


-® Solving Einstein’s Field Equations 


The coupling that we have mentioned between 
spacetime and the matter that it contains comes 
from Einstein's field equations. These equate a tensor 
that is constructed form the g,, and their deriva- 
tives to another tensor, the stress—energy tensor, 
which represents the matter. In simple terms, this 
means that the presence of mass curves spacetime, 
and we interpret the curved motions of particles in 
this curved space as accelerations caused by a 
force—in this case gravity. 


If the Robertson-Walker metric is used in the 
field equations, and we use only those equations 
for which « = », then the three space-like equa- 
tions yield 


BrP) __k (Ro) _ 2(R\ _1/R) | , 
cA RL R c2\R c2\R 


(25-15) 
and the time-like equation gives 
2 22 
BnGU!) _ 3k (Ro), 3/R)_ 
ace z( R 3(8) ea 


P Eoncent Application 


A Non-Zero Cosmological Constant? 


One of the joys of general relativity and cosmology 
is the extent to which these subjects expand our 
range of interpreting physical phenomena. As a 
rich example, let’s look more deeply at the mean- 
ings of the Friedmann equation 25-16 (which is one 
component of Einstein’s field equations) and the 
cosmological constant A. As written in the text, we 
have placed A on the right-hand side, making it 
appear to be a part of the geometrical nature of the 
Universe because it accompanies k, which tells us 
the global nature of the curvature; R, which tells us 
the size of the curvature; and R, which describes 
the expansion. 

A modern tendency is to move A to the left- 
hand side of Equation 25-16. Because A stands 
alone, without any other functions multiplying it, 
this is certainly an option to explore. How, then, 
should we interpret A? When it accompanies U, it 
looks very much like an energy density. Note, how- 
ever, that the mass has already been included into 
U. Therefore, A is the vacuum energy density. One is 
tempted to follow Einstein’s own reasoning: after 
the static nature of the Universe was shown to be 
false, there seemed to be no more need for A. So 
Einstein believed its value to be zero, and that cer- 
tainly “feels” right to our intuition. Why should the 
vacuum have an energy density? Clearly, each term 
in Equation 25-16 contributes to R. Could the vac- 
uum, itself, make a contribution to the rate of ex- 
pansion of the Universe in the same manner that 
mass affects the expansion? Therefore, a nonzero 
value for A seems to assault our intuition. An even 
greater assault comes from the fact that the sign of 
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A could be either positive or negative (i.e., it could 
either decelerate the expansion or act as a spring 
that drives expansion). In Chapter 26, we will see 
that more attention is being paid to nonzero values 
of A because the values of the Hubble constant, the 
observed matter density, and the age of the Uni- 
verse might not be reconciled without A. 

Let’s also speculate a little more about the over- 
all philosophy behind the field equations. Usually, 
we speak of the presence of mass as creating the 
curvature of spacetime. But why shouldn’t we look 
at the process the other way? Could mass just be a 
manifestation of the curvature of space. If you 
curved space in one certain way might you get an 
electron, and if you curved it in some other way 
might you get a muon? Similarly, if we were to 
describe a physical process that directly changed 
the curvature of spacetime, do you see that a by- 
product would be the alteration in the mass density 
(plus the A component) of the Universe? In Chap- 
ter 26, we will see just such a process. The inflation 
model forces the Universe to be very flat, which 
forces the mass density to be very close to the crit- 
ical value described in Section 25—2(C). 


Here P(t) and U(t) are the relevant components, the 
physically measurable pressure and the internal en- 
ergy density of the Universe, respectively, of the 
stress—energy tensor; Ro is the present value of R, 
and A is the cosmological constant. Formally, A is a 
constant of integration resulting from solving the 
differential field equations. Einstein introduced A 
in order to allow for static solutions because he did 
not know about Hubble’s law at the time of the 
introduction of GR; it has long been thought that 
A = 0, but see Chapter 26 for alternatives. 

Through algebra, Equations 25-15 and 25-16 
become 


R 47G u 
P 
[r+ 3 


c2 
+—]+ AZ (25-17) 


and 


4 psy = —pl(R°) 
Piel i dt 


(25-18) 
Notice that Equation 25-18 is a form of the first 
law of thermodynamics. If we simplify Equations 
25-17 and 25-18 by the assumptions that A = 
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0, P = 0,and U = pc? (all are reasonable), then we 


R _ 40Gp 
R 3c? 


(25-19) 
and 

d 3) = 3 = 3 

a PR ) = 0 > poRo® = pR (25-20) 


Note the similarity of Equation 25-19 to the New- 
tonian results of Section 25-1(B). In both cases the 
ballistic expansion is slowed down by p and 
stopped if p is large enough. Also note that Equa- 
tion 25-20 describes the conservation of mass for 
the Universe as a whole. 


World Models 


We have seen that there are a variety of possible 
theoretical models for how the Universe behaves. 
Some of the properties of these world models come 
from geometric arguments alone; others arise when 
we couple the geometry to the matter content. 

The biggest difference in geometry is deter- 
mined by the value of k. This quantity algebraically 
governs the shape of the Universe. Fork = +1, the 
geometry is locally similar to that of a sphere. For 
example, the sums of the interior angles of triangles 
would be greater than 180°. Whereas for k = —1, 
the geometry is locally that of a saddle point, with 
the angles of a triangle summing to less than 180°. 
If k = 0, then the Universe is flat. Figure 25-2 il- 
lustrates the function R(t) for the three classes of 
possible Universes. The open Universe expands 
forever; the closed will eventually stop expanding 
and collapse into the Big Crunch. The flat Universe 
is balanced between the other two. Note that, in 
the early phases of expansion, the three models be- 
have very similarly. All expand in a power-law 
fashion that would be hard to discriminate. At the 
present cosmic time, we seem to be in the situation 
of early expansion; it is difficult to decide among 
world models. 

We suggest that you not try to visualize the 
global properties of an open Universe that has a 
saddle shape locally, but the closed Universe is not 
too hard to imagine. Consider a balloon that is be- 
ing blown up. If you ignore the opening through 
which the air comes, and consider the two- 
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dimensional surface of the balloon as it is curved 
into the third dimension, then this is an analog 
to a three-dimensional sphere in a curved four- 
dimensional spacetime. There would be no defin- 
able center to the balloon’s surface, and uniform 
expansion would mimic Hubble’s law for imagi- 
nary galaxies painted on its surface. A traveler 
could walk forever on the surface and never leave 
it, but that wanderer might, from a different direc- 
tion, chance upon the point from which the journey 
started. Also note that triangles drawn on a balloon 
have angles that sum to more than 180°. In addi- 
tion, consider a longitude-latitude system in- 
scribed on the balloon. If an observer at the north 
pole measured the angle subtended by a meter 
stick quite close to the pole and the moved it far- 
ther away, the angle would, of course decrease. But 
this would only continue until the meter stick 
reached the equator; then, as the stick was moved 
closer to the south pole, the angle would increase. 

The balloon analogy carries over to the real 
Universe in many ways. Perhaps the hardest to 
comprehend is the lack of a center to the Universe. 
You cannot identify any single point in space from 
which all else sprang. Because spacetime is curved 
and the Universe expands spacetime itself, every 
point within the observable Universe came from 
the initial singularity. Note that, in principle, we 
could make purely geometrical measurements that 
would allow the shape of the Universe to be deter- 
mined. Doing this in fact has proven to be very 
hard. Tests have been devised to examine the mag- 
nitude of galaxies, diameters, surface brightnesses, 
etc., as a function of redshift. If galaxies had uni- 
form properties, this method of discriminating 
among world models might work, but galaxies are 
wonderfully rich in variety, and we do not know 
much about how their properties vary with time. 
So looking back in cosmic time, as we do when we 


’ look to high redshift objects, only confuses the pic- 


ture as far as geometrical measures go. 

Finally, let us reiterate that Ho can be related 
to geometrical properties by Equation 25-14. We 
know that H is not a constant, so there must also 
be a means of describing the deceleration of the 
Universe. In purely geometrical terms, this decel- 
eration parameter qo is defined by the following: 


rick Ro 
9o RoHo 


(25-21) 


Physical Properties 


Equations 25-15 through 25-20 relate the geomet- 
rical properties of the Universe to such important 
physical properties as pressure, density, and en- 
ergy content. Therefore, again in principle, we 
could determine valid world models if we could 
make accurate measurements of, say, the mean 
density of the Universe. 

The way is to write equations similar to 25-14 
and 25-21 but including density. We do not have 
tight theoretical constraints on how fast the original 
expansion was; therefore, the present value of Hub- 
ble’s constant is not tightly constrained either. 
However, we know that the Universe is not too far 
from critical density, p. = 5 X 10-7 kg/m? (which 
would make the Universe flat), in which case we 
can write 


H = [(8aG/3)p,]'/2 (25-22) 


In contrast, we can write a specific expression for 
the deceleration parameter. 


go = 4mGp/3H? (25-23) 


Clearly, if we could measure Hp and qo accurately, 
then we would know the mean density of the Uni- 
verse. If p, < 1, then the Universe would be open; 
if pp > 1 closed; and if p, = 1, the Universe would 
be flat. 

What is the difficulty with this procedure? Ob- 
viously, the answer is dark matter. The density is 
often expressed by the quantity = 2q. Visible 
matter accounts for = 0.02 to 0.2, but there are 
reasons for believing that 1 = 1 (see Chapter 26). 
An accurate direct assessment of the contribution 
of dark matter to the mean density is quite difficult. 


25-3 
THE PRIMEVAL FIREBALL 


In 1964, Arno Penzias and Robert Wilson, scientists 
with the Bell Telephone Laboratories in New Jer- 
sey, began a sensitive study of the radio emission 
from the Milky Way. They detected an annoying 
excess radiation in their special low-noise radio an- 
tenna. They had tuned their radio receiver to 7.35 
cm (4080 MHz), where the radio noise from the 
Galaxy is very small. Still they picked up the static. 
They further discovered that the noise did not 
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change in intensity with direction in the sky, time 
of day, or season. The excess noise had an intensity 
equivalent to that of a blackbody at 3.5K. What 
could it be? 

At the same time, a group at Princeton was 
pondering the consequences of the expansion of 
the Universe from a hot dense state. Photons from 
such a time would be highly redshifted by now 
and would permeate the cosmos. Also, if the early 
Universe were so dense that it was opaque to the 


. photons, then they would have had a blackbody 


spectral distribution. Subsequent redshifting by ex- 
pansion would lower the temperature of the black- 
body spectrum but not change its shape. 

Penzias and Wilson got in touch with the 
Princeton group and concluded that their excess 
noise could very well be redshifted radiation from 
a hot Big Bang. That conclusion was solidified 
when the Princeton group and others confirmed 
the existence of the background radiation and 
found that its spectrum (Figure 25-3) matched that 
of a blackbody at 2.7 K. We will call it the 3-K back- 
ground radiation. Its discovery supports a hot Big 
Bang model (sometimes called the primeval fire- 
ball), which is the standard relativistic model (see 
Section 25-4) accepted by most astronomers today. 

Now, the energy density u for blackbody ra- 
diation is 


u = al* (25-24) 


and from E = mc?, we can convert this energy den- 
sity to an equivalent mass density p: 


m = E/c? 
pr = aT 4*/c? (25-25) 
where a, the radiation density constant, is 

a = 4o/c 


with o, the Stefan-Boltzmann constant, equal to 
5.6697 X 10-8 W/m? - K?, so that 
(4)(5.6687 X 10-8 W/m - K?*) 
(2.998 x 108 m/s) 
7.564 X 107 W/m - K4 


Then from Equation 25-25, the radiation density is 
Pr = (7.564 X 1071)(2.7)4/(2.998 x 108)? 


(7.564 X 1071©)(53)/(8.988 x 101°) 
4.5 X 10-3! kg/m? 
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Figure 25-3 Spectrum of the 
cosmic background radiation. (A) 
Spectral observations; the shaded 
areas are infrared observations. The 
solid line is a 3-K blackbody curve. 
(Adapted from a diagram by P.J.E. 
Peebles) (B) Comparison of measure- 
ments of the temperature of the 
background radiation in the radio 
spectral region. [G.F. Smoot, G. De 
Amici, S.D. Friedman, C. Witebsky, 
G. Sironi, G. Bonelli, N. Mandolesi, 
S. Cortiglioni, G. Morigi, R.B. Par- 
tridge, L. Danese, and G. DeZotti, As- 
trophysical Journal (Letters) 291:L23 
(1985)} 


Note that this density is much less than that of lu- 
minous matter, pm ~ 4 X 10-28 kg/m>. Hence, we 
say that the Universe is now matter-dominated and 
in the matter era. 

This was not always the case, however. Con- 
sider shrinking the Universe. Then, because lengths 


scale as R(t), the matter density increases as 
Pm * RS (25-26) 


In contrast, the radiation density, from Equation 
25-25, goes as T*. Now, the wavelength of a pho- 
ton is proportional to R(t), so that 


AxR 
and because a photon’s energy is E = hy = hc/A, 
E=hv« R11 
and for a blackbody radiation, 
Tx R1 
so that ) 
pr « R~4 (25-27) 


At some time in the past, the radiation era, the en- 
ergy density of radiation exceeded that of matter 
and the Universe was radiation-dominated. 

Another way to compare the cosmic radiation 
with matter is to compute the ratio of number of 
photons to number of protons or neutrons. Black- 
body radiation peaks at a wavelength 


Amax = 29 X 10°9/T 
The energy of a photon of wavelength A is 
a = he/d 
and so for photons of wavelength A = Amax, 
Epn = hcT/(2.9 X 107°) 


With h = 66 X 107%4,c = 3 X 108, and T = 2.7K, 
the energy of the photons at the peak of the black- 
body curve is 


Epn = (6.6 X 10724)(3 x 10°)(2.7)/(2.9 x 107%) 
= 2.0 X 10°? J/photon 


The photons making up the blackbody radiation 
have a variety of energies, but if we take this peak 
energy as typical, the number of photons needed 
to produce the 4 X 107J of radiation contained 
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in every cubic meter of the cosmic radiation at 
2.7 K is 


Nph = (4 X 107“ J/m)/(2.0 x 10%? J/photon) 
~ 2 X 108 photons/m? 


Now consider the matter. The mass of one nucleon 
(a proton or neutron) is 1.7 X 10°27 kg. The 4 Xx 
10-*8 kg of matter contained in 1 m? is equivalent 
to 


pte 10-8 kg/m?) 
™  (L7 x 10%? kg/nucleon) 
=~ 2 X 1071 nucleons/m? 


The ratio of these two numbers is 
Nph/Nnu = (2 X 108)(2 x 1074) = 10° 


So there are 1 billion times as many photons in the 
Universe as nucleons. 

One of the characteristics of cosmic blackbody 
radiation is that the total number of photons re- 
mains the same if account is taken of the expanding 
volume. Similarly for matter: the total number of 
nucleons remains the same. So the preceding ratio 
of photons to nucleons will stay constant as the 
Universe expands. 

Now to recast our equations of motion for the 
matter-dominated and radiation-dominated cases. 
To do so, we need to use the conservation of energy 
for a sample volume V. We do so in the form of the 
first law of thermodynamics: 


dE + PdV =0 


where P is the pressure and E is the matter—-energy 
density in V, so that E = pc?. Now V « R°(t), so 
that 


dE/dt + P(dV/dt) = 0 


gives (with dots representing the derivative with 
respect to time) 


d/dt (pc2R3) + P(d/dt)(R?) = 0 
c2R3p + 3pc2R2R + 3PR2R = 0 
p = —3(p + P/c?)(R/R) - 


p = —3(p + P/c2)H (25-28) 


Let P = 0 (noninteracting matter) and assume that 
matter dominates (Emat = PmatC* > Erad = PraaC”), 
so that we have 


p = —3pH 
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However, for a flat geometry (which is the transi- 
tional case), 


H = [(87G/3)p}'/? 
so that 
p = —3p[(87G/3)p]'/2 = 3p°/2(82G/3)!/2 
p22) = —(24nG)'/2 


Now integrate this equation with respect to time: 
p°/? dp = (24mG)!/? dt 
2p /2 = (24nG)!/*t 

t = (1/6Gp)'/2_— (matter-dominated) (25-29) 
This equation gives the relationship of time and 
density for a matter-dominated, zero-pressure 
model, that is, it gives p(t). 

Now we will take Equation 25-28 to see what 

happens in the radiation-dominated case. Then 


P = (1/3\Xenergy density) = (1/3)u = (1/3)pc? 


where T, p, and P are the temperature, density, and 
pressure of the radiation. Equation 25-28 becomes 


p = —3ip + (1/3)p]H = —4Hp 
—4(87Gp/3)'/2p 


so that we have 
p/p = —(128%G/3)!/2 

and, as before, we integrate with respect to ft: 
2p-/2 = (128mG/3)/*t 

t = (3/32mGp)!/2 (radiation-dominated) (25-30) 


Now that we have time and density related, 
we can substitute temperature for radiation density 
because 


P = (1/3)pc? = E/3 = aT'4/3 


so that 
p = al */c? 
and Equation 25-30 becomes 
T = (3c2/32mGat?)!4 (25-31) 
or, if we substitute for the constants, 
T(K) ~ 1.5 x 10!9¢-1/2 (25-32) 


You should see that this equation relates every 
time t in a radiation-dominated Universe to a tem- 


Cosmology: The Big Bang and Beyond 


perature T. So we can trace out the thermal history 
of the Universe as it evolves. 

At the end of 1989, a new satellite was 
launched for the purpose of improving our know]l- 
edge of both the spectrum and uniformity of the 
background radiation. The first results from the 
Cosmic Background Explorer (COBE) dramatically 
confirmed previous Earth-based observations. (See 
Figures 25-4 and 25-5.) The spectrum is indistin- 
guishable from that of a blackbody with a temper- 
ature of 2.726 K, and the intensity distribution is 


Figure 25-4 COBE’s view of the microwave back- 
ground. Note the smooth texture of the photon distri- 
bution. The dipole effect is caused by the peculiar motion 
of the Earth. 


Figure 25-S COBE’s measure- 
ments of the blackbody spec- 
trum. The blackbody nature of 
the background is seen at T = 
2.726 + 0.005 K. 


Al, (watts/meter?/steradian) 


remarkably smooth. At both large scales (1 rad) 
and small scales (10-3 rad), the measured value of 
AT/T is less than 3 X 10-5 after we subtract the 
dipole effect caused by our bulk motion [Section 
23-2(B)]. 

The implication of COBE’s confirmation of the 
spectrum lies mainly in giving us confidence that 
we understand the essence of a hot Big Bang. There 
had been hints of deviations from a purely thermal 
form, but these have now been set aside. We will 
fully examine this question in the next chapter. The 
background radiation is exceedingly smooth, but, 
at the faintest detectable levels, we begin to see 
structures. 


25-4 
THE STANDARD BIG BANG MODEL 


Can we assemble the concepts introduced in this 
chapter into a coherent picture of the origin and 
evolution of the Universe? The answer is generally 
positive, although you will see in the next chapter 
that the model is incomplete. 

Modeling the origin of the Universe as a Big 
Bang explosion from a highly condensed initial 
state seems unavoidable. The existence of the mi- 
crowave background demands a very hot early 
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Universe, and the observed expansion demands a 
compact early Universe. 

At the very earliest stages, the picture pre- 
sented in this chapter is not very complete, but we 
have seen that the expansion probably follows a 
power law form with R(t) « t?/3 or, at least, close 
to this. During the radiation-dominated era, the 
temperature of the matter content was forced to be 
the same as that of the radiation. This happened 
because the electrons and nuclei had not yet com- 
bined to form neutral atoms. The free electrons eas- 
ily scattered the background photons, and this con- 
stant interaction kept the two components coupled. 
However, as T dropped (according to Equation 25- 
32), it eventually reached a value of about 3000 K. 
Suddenly (in cosmic time scales), the electrons and 
nuclei combined to form atoms, and the coupling 
between radiation and matter ceased because hy- 
drogen atoms interact with photons at a much 
lower rate than with free electrons. 

Our present view of the microwave photons 
has two aspects. One is the expected continual 
blackbody energy distribution of the photons— 
with, however, a characteristic temperature that 
decreased with time. The second is the spatial dis- 
tribution of the photons, which represents the lo- 
cation of the matter at the time of the last scattering 
off of the electrons. (In the next chapter you will 
see that the spatial distribution causes problems.) 
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When did the decoupling occur? We have the 
ratio between the temperature at the decoupling 
era and the present temperature: 


Ta/Tp = 3000 K/3 K = 1000 
A characteristic of the expanding radiation is that 
T x 1/R 
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Therefore, 
Ro/Ra = 1000 


So the Universe was about 1/1000th its present size 
at the time of decoupling. This corresponds to a 
cosmic time of about 700,000 years. 


| key Eqd Eq ldtlohs & Cq Si Cdncepts | 


A Newtonian description of an infinite Universe with 
infinite speed of light provides three models—open, 
critical, and closed. 


A description of a four-dimensional Universe in gen- 
eral relativity also provides three models. For k = —1, 
the Universe is open; for k = 0, it is open; and for 
k = +1, the Universe is closed. 


The Robertson-Walker metric holds for homogeneous 
and isotropic models and gives the spacetime interval 
as 


dl? = cdt? 


——_, + r*(d6? +sin? 6 16] 


Distances are given in terms of the scale factor R(t) as 


: "dr 
I [ dl = R(t) I aa 
R sin! 7; k = +1 
Rr,k = 0 
R sinh 1; k = -1 


ll 


The observable quantity z, redshift, is related to the 
scale factor by the Lemaitre equation 


1+ z= Ro/R, 
For a critical density Universe, R(t) « t?/%. 


Einstein’s field equations relate the curvature of space- 
time to the stress-energy-momentum tensor. Under 
simple assumptions of A = P = 0 and U = pc’, the so- 
lutions are 


_ 4aGp 
3c? 


R _ 
R 
das 3 3 
Ber) = 0 = poRo = pR 


The Hubble and deceleration parameters are related to 
the scale factor by 


H =R/R and go = —Ro/RoHo* 


In terms of density, H and q are 


H = [(87G/3)p,]'/? and go = 4mGp/3H¢" 


At early times, the energy density of the Universe was 
dominated by radiation with u = aT+, which scaled as 
u « R~4, This radiation is observable today as the cos- 
mic background radiation. The energy density of the 
gas scaled as u x R~. 


The ratio of the number of photons in the background 
radiation to the number of nuclei in the Universe is 
Noh/tna = 10°. 


The temperature of the background radiation varies 


" with time as 


T ~ 15 x 101-1? 


The COBE satellite has measured the present-day tem- 
perature of the background radiation to be Tp = 
2.726 K + 3%. There is a dipole component to the ra- 
diation caused by local motion of our galaxy. 


The Universe is now about 1000 times bigger than it 
was when the background radiation was created. 
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bes 


1. What is the approximate volume of our Galaxy (ex- ify that 


Surface of Balloon 


press your answer in cubic kiloparsecs)? By what 
scale factor must the dimensions of our Universe 
shrink if there is to be no empty space between the 
galaxies? Is this stage of cosmic expansion a reason- 
able time for galaxy formation? 


. Planck’s law for the intensity of blackbody radiation 
(Chapter 8) is 


h= (2hc2/A5)(eHe/ Akt = 17! 


As the Universe expands with a scale factor (radius) 
R(t), the intensity varies as I, « R~> while the wave- 
length goes as A & R. 


As/At = (1/R)\(AR/At)s 


where s is the separation between any two spots 
on the surface and As/At is the speed of recession 
of one spot from another. (Note that this is Hub- 
ble’s law.) 

(b) The photons from distant galaxies may be rep- 
resented by ants crawling along the balloon’s 
surface at speed 1. Show that, for uniform cosmic 
expansion (AR/At = constant), there is a distance 
s from beyond which these ants cannot ever 
reach our Galaxy (this distance is called the 
horizon). 


(a) Show that lr &:R- Gb the blackbody fommula ie to (c) Discuss the effects that take place if the balloon’s 
womaia Walid y expansion is decelerated [the increase of R(t) is 
(b) At what wavelength does the blackbody curve lowed own 
reach a maximum for the observed 2.7 K back- : : : 
5. Consider an expanding gaseous sphere of uniform 


ground radiation? 


. If the Hubble constant is observed to be Ho = 
50 + 5km/s - Mpc, what are the permissible ranges 
for the Hubble time (tg ~ Ho~1), the size of the Uni- 
verse (Thor ~ CHo?), and the critical mass density 
(po * Ho’)? 


4. The following diagram illustrates the famous 
expanding-balloon analogy for our Universe. All 
space is represented by the surface of the spherical 
balloon, and clusters of galaxies are represented by 
spots painted on this surface. The radius of the bal- 
loon corresponds to R(t)—the radius of the Universe. 


Expansion 


(a) As the balloon expands, the spots remain at con- 
stant angular separations (6) from one another. 
Let the balloon expand at a constant rate and ver- 


8. 


mass density p, total mass M, and radius R(t). A gas 
particle at the surface of this sphere will move radi- 
ally outward in accordance with the vis-viva equa- 
tion (Chapter 2): 


v2/2 = GM/R + constant 


where v = AR/At is the radial speed. 
(a) Show that this equation may be written in the 
form 


[A/R)(AR/At)]? = 82Gp/3 + 2(constant)/R2 


Note that this is the equation that governs the 
expansion of our Universe and leads to the three 
cosmological models discussed in this chapter. 
From your knowledge of the vis-viva equation, 
show that the constant can be positive, zero, or 
negative; illustrate the evolution of R(t) in each 
case by drawing an approximate graph of R ver- 
sus t. Comment upon your results. 


(b 


— 


. Demonstrate that the Universe is now matter- 


dominated. Argue that in the past it must at some 
time have been radiation-dominated. (Hint: Back- 
ground radiation at about 3 K.) 


. For a flat (k = 0) Universe, show that 


to = (2/3)Ho™* 
where fo is the age of the Universe. Evaluate t for the 


uncertainty in Ho. 


Follow the algebra in deriving Equation 25-17 from 
Equation 25-15. 
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10. 


11. 


Chapter 25 


Follow the algebra in deriving Equation 25-18 from 
Equation 25-16. 


Evaluate Equations 25-22 and 25-23 using the value 
of the critical density given in the text. 


A friend of your plans to give a lesson on cosmology 
at a local middle school. He wants to demonstrate 
the Big Bang expansion of the Universe by placing a 
handful of marbles, representing galaxies, in the cen- 


12. 


Cosmology: The Big Bang and Beyond 


ter of a large bandana, representing the space be- 
tween galaxies, and then disrupting the marbles. The 
outward motion of the marbles then illustrates the 
expansion of the Universe. Comment on this dem- 
onstration. Is it a good analogy? Is there a better 
way? Has your friend lost his marbles? 


At what times in the history of the Universe does the 
radiation temperature of the Universe correspond to 
the temperature of the Sun’s core? Surface? 


The New Cosmology 


he study of cosmology has radically changed 

in the last decade or two. A marriage of particle 
physics and large-scale structure shows that the 
Universe must have had a period of extraordinarily 
rapid expansion. This inflationary model explains 
several problems that are otherwise insoluble. 

Astronomy offers to humans perhaps the most 
profound philosophical questions. These include 
How did life arise? and How did stars and planets 
form? The branch of astronomy called cosmology 
extends these questions to How did the Universe 
form? and How will the Universe end? Until re- 
cently, the last two questions boiled down to rather 
simple statements about a hot Big Bang as the or- 
igin and an evaluation of Ho and qo, the Hubble 
“constant” and the deceleration parameter, to de- 
cide whether the Universe was open or closed. 

In this chapter, two themes dominate. One of 
these is the rich complexity of the physical pro- 
cesses that influenced the early stages. Such exotic 
concepts as quantum gravity, extra dimensions, 
phase transitions, free quarks, and symmetry 
breaking mark the first stages and may have left 
observable consequences. We also find that some 
of these processes have a random character to 
them; “domains” or “bubbles” probably formed in 
different locations. Our observable Universe may not 


be unique, and other “universes” might be quite dif- 
ferent in character. 

The second theme adds a profoundly impor- 
tant element to philosophy. We find that the Uni- 
verse is comprehensible only if we appreciate the 
intimate relationship between the largest structures 
and the microscopic world of subatomic particles. 
As an example, the shapes and scale sizes of su- 
perclusters and voids are determined in models by 
the properties of the particles that make up the 
dark matter—such as whether the particles are 
“hot” or “cold.” 
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26-1 
PROBLEMS WITH THE 
EXISTING MODEL 


Let’s look at four aspects of the Universe that pose 
problems. In each case, current observations cannot 
be reconciled with cosmological models that we 
have so far discussed. 


1. Isotropy and Homogeneity 


The first problem is one of causality. Because of 
the finite speed of light, two regions separated at 
a cosmic time t by a distance greater than ct 
cannot have communicated with each other. 
Regions within a diameter of ct are said to be 
within the horizon; those farther away than ct are 
outside of the horizon. If we project the current 
power law expansion of the Universe back to 
times prior to the epoch of recombination, then 
one horizon diameter should correspond to about 
1 rad in the microwave background. This means 
that we should see several “domains” in the 
microwave radiation. Each of the regions should 
have a different temperature because they could 
not have communicated their original internal 
temperatures with one another prior to the last 
time the background photons were scattered. 
Therefore, the microwave sky should be patchy— 
there should be large-scale anisotropies. Yet it is 
not; the microwave sky is remarkably free of 
large-scale anisotropies. 


How did the Universe grow from a region small 
enough to have a uniform temperature? 


2. Flatness 


The density parameter (2 can have an infinite 
range of values from zero to positive infinity. The 
only “magic” number in this range is the precise 
value of unity. A Universe with this value is at 
critical density. It is balanced between open and 
closed—between eternal expansion and eventual 
contraction. 

What is the current value of the density? 
Optical observations of the luminous matter show 
©) to lie between 0.02 and 0.20. The high M/L 
ratios of galaxy clusters raise the density to 
values close to 1 when dark matter is included. 
All values in this range are remarkably close to 
unity. This becomes evident when you consider 
that the expansion of the Universe tends to force 


Q) away from unity. So if the density is close to 1 
now, it used to be much closer. Calculations show 
that if 0 differed from unity by one part in 10° 
at a cosmic age of 10~>° s, then either the 
Universe would have already collapsed or the 
galaxies would have receded to such great 
distances that the density would be an order of 
magnitude less than the current observational 
limits allow. 

Therefore, the Universe is known to be so 
close to critical density that there must be some 
reason for this to occur. 


Why is the Universe at critical density? 


3. Net Baryon Number 


Compared to the energies of particle collisions at 
the time of the Big Bang, our present Universe 
involves very low energies. Even our largest 
particle accelerators do not provide sufficiently 
powerful collisions to come close to those whose 
remnants govern our observations. In our low- 
energy world, there is a high degree of symmetry 
between particles and antiparticles. If the energy 
density is high enough to create particles, then both a 
particle and antiparticle are created. Similarly, in order 
to completely annihilate a particle, one must annihilate 
its antiparticle also. If this symmetry existed in the 
early Universe, then it should consist of equal 
numbers of particles and antiparticles. 

Observations clearly show that the 
background of gamma rays in very low (as 
contrasted to microwaves, for example). However, 
if the number of antiparticles equaled the number 
of particles, then continual annihilations of pairs 
throughout the Universe would create an easily 
detectable background of extremely high-energy 
photons. 

A related item that needs explaining is the 
very small value for the ratio of nucleons to 
photons (see Section 25-3); the value is about 
10°. Most of the photons in the Universe are 
part of the background radiation, and, compared 
to these, nucleons are rare. 


How did the Universe become asymmetric between 
particles and antiparticles and why are nucleons so 
rare? 


4. Population III Stars 


In our galaxy, we see two populations of stars. 
Population I is the younger; these stars have a 


relatively high percentage of heavy elements. The 
older Population II stars have a lower metal 
abundance, but it is not zero. Because cosmic 
nucleosyntheses (see Section 26-2) does not make 
appreciable amounts of any elements heavier than 
helium (these are only produced by stellar 
nucleosynthesis), the first generation of stars must 
have zero metal abundance. 


Why don’t we see any Population III stars? 


These four problems will be discussed in the re- 
mainder of this chapter. We do not yet have the 
solution to all, but the most recent forms of infla- 
tion solve most of them. 


26-2 
COSMIC NUCLEOSYNTHESIS 


As a preface to this section, let us consider the ex- 
treme presumption of humankind trying to com- 
prehend the early Universe. Does it seem difficult 
for you to reconcile the fact that, although we can- 
not distinguish between 10 or 20 billion years as 
the Hubble age of the Universe, we will try to con- 
vince you that we know what the Universe was like 
at an age of 1s? In this section we will show you 
the most successful “postdictions” (It is hard to pre- 
dict the formation of the Universe!) we have about 
primordial times. The close correspondence be- 
tween theory and observation will lend confidence 
about extending theories backward toward earlier, 
more energetic times. 

In astrophysics, nuclear reactions are primarily 
confined to two arenas. One of these is continual; 
it is the fusion process that powers stars and is dis- 
cussed in Chapter 16. The second concerns a few 
brief moments at the beginning of the Universe be- 
fore stars existed when fusion reactions raged 
throughout the Universe. Because fusion builds 
heavier elements out of lighter ones, we term these 
two processes stellar nucleosynthesis and cosmic 
nucleosynthesis, respectively. 

Qualitatively, fusion requires both high tem- 
peratures and high densities in order for the kinetic 
energies of the nucleons to overcome the coulomb 
barrier. If the particles come sufficiently close [on 
the order of 1 fermi (f) which is 10-5 ml], then the 
attractive nature of the strong nuclear force over- 
whelms the repulsive nature of the electromagnetic 
force. Certainly, the early Universe satisfied both 
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criteria. Interestingly, there were conditions when 
the Universe was too hot and dense for fusion to 
take place. For example, in the process of fusing 
single protons (hydrogen nuclei) to make alpha 
particles (helium nuclei), deuterons must maintain 
stability. The latter are the nuclei of a heavy isotope 
(deuterium) of hydrogen consisting of a proton 
and a neutron. In successive stages two more pro- 
tons could collide with the deuteron forming *He 
and then *He. But deuterons are easily broken up 
by high-energy gamma rays—a process termed 
photodissociation. So even though there were pro- 
tons available for fusion before an age of about 1 
s, when two of them fused to form a deuteron, a 
positron, and a photon, the deuteron was de- 
stroyed before a more stable He nucleus could 
form. Hence fusion could not progress until the 
Universe cooled to well below 102° K. 

By the time the Universe was 102s old, the 
temperature had dropped to about 10° K, and there 
were very few photons energetic enough to pho- 
todissociate deuterons. At this stage the cosmic nu- 
cleosynthesis began in earnest. All isotopes of hy- 
drogen and helium with an atomic number of 4 or 
less were produced, but bottlenecks prevented sig- 
nificant buildup of heavier elements. These bottle- 
necks occurred because there are no stable nuclei 
with atomic number 5 or 8. Only small traces of 
7Li and Be were produced. 

As the Universe continued to cool and expand, 
the temperatures and densities continued to drop. 
So even though some nuclei heavier than hydrogen 
were built up and hence were potential fuel for fur- 
ther nucleosynthesis, the falling densities and tem- 
peratures could no longer supply particles with en- 
ergies higher than the coulomb barrier. By an age 
of 103s, the Universe had ceased producing fusion 
reactions. Figure 26-1 illustrates the accumulation 
of deuterium, ?He, 4He, ’Li, and ’Be (all with re- 
spect to the total mass density) with time during 
the cosmic nucleosynthesis phase. 

There is very little disagreement among the 
theoretical calculations. “He should have a mass 
fraction of about 25%, deuterium and 2He should 
be about 1074 as abundant as hydrogen, and 
both lithium and beryllium should be about 
10~°-10~1° as abundant as hydrogen. 

Observations of the abundances of these nucle- 
ons is complicated by the addition of the effects of 
stellar nucleosynthesis. *He is the main product of 
stellar fusion, and both deuterium and *He are not 
only produced but also burned in the varying con- 
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ditions of stellar envelopes and interiors. However, 
when these effects are sorted out by theoretical 
modeling, the results are quite close to those pre- 
dicted by the models of the primordial Universe 
and are not very sensitive to uncertain parameters. 
We see from the close agreement between the- 
ory and the observations of cosmic abundances that 
we probably do know a great deal about the state 
of the Universe during the era spanning 1 to 10° s. 
Thus to refute the seeming contradiction of not 
knowing precisely when the Big Bang happened, we 
can state that we know accurately much about the 
processes that occurred. It seems as though we can 
extend our knowledge of the laws of physics to 
very early times. Our successes, of course, are 
achieved because we still have not reached a time 
early enough to exceed the energies that are acces- 
sible in our studies of nuclear energy. As we try to 
examine progressively earlier and more energetic 
times throughout the rest of this chapter, we will 
also move toward less certainty. Again, we see the 
unity between large and small. If we could build 
larger, more powerful accelerators on Earth and 
peer deeper into the inner workings of elementary 
particles, we could better understand the Universe 
as a whole. At some stage, we can no longer build 
bigger machines, and we must, in the end, accept 
the Universe as the ultimate particle accelerator! 


Figure 26-1 Nucleosynthesis in the 
Big Bang. The top axis gives the age of 
the Universe; the bottom gives temper- 
ature; the vertical axis is abundance in 
terms of the fraction of total mass. 
(Adapted from a diagram by R.V. Wagoner) 


Concept Applicatio 1] 


Cosmic Helium Abundances 


Let’s estimate the amount of “He produced by cos- 
mic nucleosynthesis. In Section 26-2 we said that 
fusion could not begin until temperatures cooled to 
well below 10!° K. Above this critical temperature 
protons and neutrons were constantly transformed 
into each other by interactions with neutrinos and 
electron-positron pairs, but below 101° K the neu- 
trinos decoupled from this process, and annihila- 
tion removed all positrons leaving just a few elec- 
trons. We can estimate the ratio of the number of 
neutrons to protons at 10° K by use of Boltzmann’s 
equation 13-8. The proportionality factor for neu- 


. trons and protons is 1, so we find that 


nn/Np = ge —(mp—mn)ceV/kT — 9(-1.5X10!/T) _ 0.22 


(Note that at much earlier and hotter times the ex- 
ponential was very close to zero; so there were 
equal numbers of protons and neutrons.) At this 
point there were 22 neutrons for every 100 protons. 
These neutrons would not have combined with 
protons to form deuterons because of photodisso- 
ciation until T reached 10° K, but free neutrons de- 
cay with a half-life of about 636s. From Equation 
25-32, we would estimate that the epoch for 
reaching 10? K is about 225 s, so from Equation 4-3, 


we estimate that about 32% of the free neutrons 
would have decayed. This leaves us with 17 free 
neutrons for every 105 protons. (The neutrons beta- 
decay into protons.) If we now make the reasonable 
assumption that all remaining neutrons combine 
first with single protons to make deuterium and 
then proceed to make He, we arrive with 88 1H 
for every eight or nine *He nuclei. Because the 
4He nuclei have four times the mass of the 1H nu- 
cleus, we estimate that about 28% of the particles 
by mass are *He nuclei. This simple calculation 
produces a result that is close to the 25% value 
found by more careful analyses. 


26-3 
PARTICLE PHYSICS 


At the conditions of the present day Universe, par- 
ticles are influenced by four forces of nature. These 
are the strong nuclear, electromagnetic, weak nu- 
clear, and gravitational forces. Their important 
properties are listed in Table P4—-1. The nuclear 
forces are quite strong but of very limited range— 
only about the size of an atomic nucleus. Although 
gravitation is the weakest of the forces, it domi- 
nates the structure and dynamics of the Universe 
because its range is infinite and it has no negative 
charges. We now know that the electromagnetic 
and weak nuclear forces are unified at higher en- 
ergies. It is only at the relatively cool, low-energy 
conditions of the present Universe that the two 
forces act differently. One can in a sense predict 
some of the future of particle physics by under- 
standing the great éfforts being made to unify the 
electroweak force with the strong nuclear force 
and, ultimately, with gravity. 

Grand unification theories (GUTs) eliminate 
several of the arbitrary features of the standard 
model by unifying the strong nuclear force with the 
already unified electroweak force. (Remember that 
these forces would only appear the same at very 
high energies.) In these models quarks, antiquarks, 
leptons, and antileptons can be transformed into 
each other. Successes from GUTs include the easy 
explanation of why electrical charges are quan- 
tized. (This is one of the free parameters in the stan- 
dard model.) 

Most GUTs make some exceedingly important 
predictions about cosmology. The first is that pro- 
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tons probably decay with a half-life of about 10° 
years. Because the Universe is only about 10?” years 
old, this does not have immediate consequence to 
humankind! Philosophically, however, this implies 
that the elements that make up matter as we know 
it are only a passing phase. (One problem with 
GUTs is that no experiments have yet detected pro- 
ton decay, and the tests have been sensitive enough 
to rule out some GUTs on this basis.) 

A second prediction, more immediately to the 
point, is that (again most) GUTs predict that the 
neutrinos are not massless. Estimates of the neu- 
trino rest masses range downward from 30eV 
(meaning that the rest mass energy, mc* = 30 eV). 
We have reason to believe that there are vast num- 
bers of neutrinos. So if their masses are in the few 
to a few tens of electronvolts range, then they could 
easily account for the missing mass or dark matter 
problems. 

The final prediction of interest is that GUTs de- 
mand the existence of vast numbers of magnetic 
monopoles. These particles would be quite massive 
and therefore might also contribute to the dark 
matter. What is a magnetic monopole? In human 
experience all magnetic phenomena begin with a 
dipole—a pairing of north and south poles. In a 
simple bar magnet with both poles, the action of 
cutting the bar in two does not isolate the poles but 
rather makes two separate bars each of which has 
two poles. Particles with magnetic properties can 
be thought of as tiny, spinning bar magnets that 
cannot be cut. So if there are magnetic monopoles, 
their properties would be quite different from any- 
thing else yet known. A problem that could now 
be added to the four introduced in Section 26-1 is 
that GUTs predict the existence of so many mag- 
netic monopoles that we should not only have al- 
ready detected them easily (we haven't yet) but 
also that we should be overwhelmed by them. Why 
have we not detected magnetic monopoles? 

One more particle that should be mentioned is 
the Higgs boson. It has not been detected, and its 
theoretically predicted properties are not univer- 
sally agreed upon. The Higgs particle is responsible 
for spontaneous symmetry breaking, which we will 
see later is responsible for inflation. It also seems 
that it is the interaction of the Higgs particle and 
all others that leads to the most fundamental prop- 
erty of all—mass. 

Another extension of particle theories is termed 
supersymmetry and holds if there is a pairing of bo- 
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sons and fermions. The names of the supersym- 
metric particles of bosons are constructed by add- 
ing -ino to the end of the boson name. For example, 
the photino would be the hypothetical supersym- 
metric fermion to the photon. Others are called zi- 
nos, winos(!), gluinos, and Higgsinos. The names of 
the supersymmetric particles of fermions are made 
by adding an s- to the beginning of the name (e.g., 
squarks and sleptons). We have not yet experimen- 
tally found any supersymmetric particle. 


26-4 
INFLATION THEORY 


Fortunately, we now have a remarkable theory that 
explains most of the problems in cosmology that 
have been presented in this chapter. It was origi- 
nally developed by A. Guth who called it the in- 
flation theory (for reason soon to be made clear, 
having nothing to do with economics!). Important 
improvements were later added by A. Albrecht, 
P. Steinhardt, and A. Linde. 

Before explaining inflation, let’s stop for a mo- 
ment and consider symmetries and phase changes. 
These phenomena are esoteric arguments in mod- 
ern physics—including inflation. Symmetry is so 
important that the existence of some particles can 
be confidently predicted on symmetry arguments 
alone. An example is the top quark, which had not 
been detected in any way until 1994 but “must” 
have existed in order to preserve the symmetry of 
the bottom quark and the three generations of both 
quarks and leptons. 

An analogy may make these concepts easier to 
understand. Our analogy is to imagine we start 
with a hot Universe made only of hydrogen and 
oxygen atoms that will eventually become water 
molecules. At the earliest epochs in our model, the 
temperature is high enough that the phase is gas- 
eous, and any molecules that form are rapidly dis- 
sociated again. At this stage the model universe is 
highly symmetric; there are no preferred directions. 
As the universe cools, molecules become stable. 
First the molecules are in the gaseous state, but 
they undergo a phase change when T = 373K 
(100°C). Below this temperature, the phase is liq- 
uid, and a second phase transition, of course, oc- 
curs at another 100°C lower temperature. This last 
state, ice, is particularly useful as an analogy be- 


cause ice can have a variety of asymmetries, such 
as molecular rotational symmetries about 60° an- 
gles, and different refracting properties in different 
directions; ice also has a variety of fractures. These 
can be thought of as topological defects and in- 
clude bubbles (nearly point-like) and both linear 
and planar cracks. 

Turning from the analogy to the inflationary 
Universe, the important phase transition happened 
at about t = 10~°°s, when the strong nuclear force 
separated from the electroweak. This symmetry 
breaking was generated by the Higgs particle. At 
the critical temperature, “bubbles” (to become sep- 
arate “Universes”?) of the new phase started and 
grew within the old. This growth, however, was 
exponential rather than power law as during the 
rest of the expansion. 

During the exponential inflation, the Universe 
doubled in size about every 10~°° s and grew from 
a diameter of about 10°? cm to about 10 cm by the 
time inflation was over at about 10~* s. Space itself 
grew much faster than the speed of light during 
this period (not a violation of causality because in- 
formation was not passed from point to point in 
spacetime at a rate faster than c). So the thermal 
properties of one small “domain” were spread 
throughout very many regions of size ct—thereby 
solving the problem of large-scale homogeneity in 
the microwave background. 

Inflation theory solves the magnetic monopole 
problem with GUTs by applying the fact that the 
monopoles only form at the walls between do- 
mains. So there might be only on the order of one 
monopole in our whole observable Universe. The 
monopoles appear as defects in the metric of space- 
time (similar to the defects in ice). 

The inflationary model also solves the problem 
of why the Universe is so flat (why the density pa- 


_ rameter is so close to unity) in a very natural man- 


ner with rapid expansion. Here you need to appre- 
ciate the interrelationship between density and the 
curvature of the Universe. The more the density 
deviates from the critical value, the greater the cur- 
vature of spacetime. Or phrased differently, the 
flatter the Universe, the closer the density is to crit- 
ical. Now consider another analogy—that of a bal- 
loon being blown up. At first the balloon is quite 
small, and a given area of the surface shows sig- 
nificant curvature. Then, as the balloon expands, 
the same surface area becomes increasingly less 


curved. In a similar manner, the Universe is forced 
to become flat by the enormous factor of expansion 
caused by inflation. 

We also need to consider the thermal history 
of the Universe during the period of inflation. Dur- 
ing the brief interval before inflation, the Universe 
was certainly very hot—around 10?’ K. As temper- 
atures dropped, the little bubble of the new phase 
that would become our observable Universe be- 
came supercooled. (Here again the water analogy 


is appropriate because water can sometimes remain. 


liquid at temperature below 0°C before freezing. 
When it does freeze it releases latent heat because 
the moving liquid molecules have more energy 
than the slowly vibrating ice molecules at the same 
temperature.) At the end of inflation, the latent heat 
was then released as a overwhelming flood of hot 
matter and radiation. Indeed, it is this fireball 
whose remnant is the microwave background seen 
today. All the matter and radiation that is observ- 
able originated in this event. 


26-5 
GALAXY FORMATION 


Let’s now examine how structures formed to pro- 
duce the clumps of matter that we see today as 
galaxies, clusters, and superclusters. In a hot Big 
Bang model for the Universe, the only material 
available to start with was an expanding gas made 
up of hydrogen and helium. At times prior to the 
decoupling era, the matter (gas) was intimately tied 
to the radiation field. This occurred mainly by 
Thomson scattering of the background photons off 
free electrons. Onice the temperature dropped to 
around 3000 K, the electrons combined with pro- 
tons and alpha particles to form neutral hydrogen 
and helium atoms, which have much lower cross 
sections for interactions with the background pho- 
tons. So, from this point, the matter was free of the 
dominance of the radiation field. 


Perturbations 


Our main goal in following galaxy formation is to 
understand how small clumps originated in the gas 
and then grew in density. The clumps, called per- 
turbations, behaved as waves passing through the 
medium. A wave contains complementary regions 
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of higher and lower than average density. We nor- 
malize the density in a region by using the density 
contrast Ap/p. Under certain conditions, the regions 
of slightly higher than average density will expand 
more slowly because of gravitational effects, and 
the density contrast grows with time. For regions 
of lower than average density, the expansion will 
be at a higher than average rate, so the density 
drops faster than the average. Therefore, the effects 
of gravitation in the expanding Universe are to am- 
plify the primordial density contrasts. 

Under what conditions do the perturbations 
grow? The general problem of collapsing gas 
clouds was described early in this century by James 
Jeans. The question is when pressure gradients 
within a gas cloud are dominated by gravitational 
forces. A scale length, termed the Jeans length 1, 
denotes a wavelength in which the total mass has 
a critical value. For perturbations with a wave- 
length | > 1; gravitation dominates the dynamics, 
while for | < 1; pressure dominates and the pertur- 
bation just behaves like a sound wave. 

Another important scale length is |p, the damp- 
ing scale. for the smallest wavelengths, those with 
I < Ip, the waves lose energy to viscosity and ther- 
mal conductivity and are damped out. 

We must distinguish between two different 
kinds of perturbations. In one, the adiabatic per- 
turbations, both the matter density and radiation 
temperature fluctuate. The two would be related by 
Ap/p = 3AT/T. A second type, the isothermal per- 
turbations, derives its name from the fact that there 
are no fluctuations in the radiation (hence T is con- 
stant) to complement the matter fluctuations. 

If isothermal fluctuations dominated, then the 
history of galaxy formation was as follows. During 
the radiation era, the perturbations neither dissi- 
pated nor amplified. At decoupling, the Jeans 
length corresponded to a scale that encompassed 
about 105-10°Mo. Perturbations of this size and 
larger then grew as Ap/p « t?/%. This value of J; cor- 
responds to the masses of globular clusters. The 
simplest scenario has galaxies forming by gather- 
ing globular clusters through gravity, and galaxy 
clusters forming by gathering galaxies. This is an 
example of a bottom-up theory in which the largest 
structures formed after smaller structures. 

For adiabatic perturbations the history is a little 
more complicated. The longest scale length pertur- 
bations always had | > 1, and they grew through- 
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out both the radiation- and matter-dominated eras, 
but intermediate-scale lengths could have grown at 
first, oscillated, and then grown again. This hap- 
pened because I; grew during the radiation era but 
then dropped quickly at decoupling. Because the 
largest adiabatic modes grew throughout the his- 
tory of the Universe, they represent models in 
which the largest gas clouds became well separated 
from each other before smaller-scale gas clouds col- 
lapsed to form galaxies. So these are top-down 
models. 

Until 1992, we had no observations of the per- 
turbations that were to become structures in the 
Universe. Before this time, the cosmic background 
radiation (CBR) observations had emphasized 
three aspects: (1) the blackbody nature of the ra- 
diation, (2) the dipole signal that shows our local 
motion with respect to the CBR, and (3) the lack of 
other structure in the CBR. Specifically, no fluctu- 
ations were found in the background radiation that 
corresponded to the “seeds” necessary to form gal- 
axies, clusters, or superclusters. After two years of 
flight data, however, the statistical nature of fluc- 
tuations at the AT/T ~ 107° level were confirmed 
in the COBE data as having a directional resolution 
of about 10°. More recently, 10- and 15-GHz 
ground measurements from Tenerife have detected 
the first direct glimpses of individual features in 
the CBR. Because these ground-based observations 
have a resolution of about 5°, which corresponds 
to about 500 Mpc in the present epoch, the objects 
are somewhat larger than the superclusters we see 
today in optical studies, but the discrepancy is not 
too difficult to overcome. Perhaps there are halos 
associated with superclusters that cannot be seen 
in the galaxy distribution. 


@ The Implications of Large-Scale 
Structure on Theory 


Observations of large-scale structures have a cer- 
tain “gee whiz” aspect to them. Fame and fortune 
(not very likely!) can come to the astronomers who 
find the largest superclusters or voids. Yet the sci- 
entific payoff of such observations transcends fleet- 
ing frivolity because extreme objects in important 
classes push theories to the limits and can discrim- 
inate against incorrect ideas. Nowhere is this seen 
more readily than in cosmology. For example, a 
model that can make reasonable galaxy clusters but 
cannot make superclusters must be discarded. 


An important task for observers, then, is to 
identify not only the typical scale lengths for su- 
perclusters and voids but also the largest examples. 
Similarly, we need to find out whether all galaxies 
belong to larger systems. Now, it looks that way. 
If there are any galaxies that are truly isolated, their 
numbers and luminosities cannot be very large. 
This means that the physical processes that create 
large-scale structures must be very efficient. 

Let’s now look at how the observations con- 
strain current theories. Although parts of the the- 
oretical models are subject to analytical methods, 
compute modeling based on many particles or 
zones is essential for so complex a problem. 
Currently, most codes represent galaxies as colli- 
sionless particles; these are n-body simulations. 
Hydrodynamic (fluid) and magneto-hydrodynamic 
simulations will surely follow. 

Because there are important theoretical reasons 
for believing that 2 = 1, roughly 90% of the Uni- 
verse is presumed to be dark matter. The numerical 
simulations must make basic assumptions about 
the nature of the dark matter. One choice is that 
between hot dark matter (hdm) and cold dark mat- 
ter (cdm). Hot particles would be those that were 
moving at relativistic speeds when they entered the 
horizon. The only candidate we currently have is 
the neutrino. At this time, the neutrino seems to 
have zero rest mass, but if even a small nonzero 
rest mass were found then there are enough neu- 
trinos to contribute all or most of the dark matter 
total mass. The cdm alternative to hdm has many 
more possibilities that include many hypothesized 
but as yet undetected particles that have nonzero 
mass but do not interact much with normal matter; 
these are collectively known as WIMPs (Weakly In- 
teracting Massive Particles). 

In hdm models the particles can stream to great 


-distances. Therefore, it is relatively easy for them 


to build up large structures such as filamentary su- 
perclusters or to evacuate large voids. These mod- 
els have more difficulty in making galaxies, and 
most theorists favor cdm models. 

Because the dark matter in cdm models moves 
sluggishly, it may be gravitationally bound to clus- 
ters or individual galaxy halos. One variant of the 
general cdm class hypothesizes biased galaxy for- 
mation. Up to now, we have not mentioned the 
spectrum of the density fluctuation amplitudes. 
The majority, of course, would lie within 1c of the 
mean. Biased formation would occur if only the 


most extreme perturbations formed the luminous 
giant galaxies. These 3 or 4c perturbations are also 
likely to have been correlated—to be located nearer 
to each other than the average. A test of this model 
would be to observe the distribution of a large 
number of dwarf galaxies. These would have come 
from the lo perturbations; they would have col- 
lapsed more slowly, and they would be more 
widely distributed. Perhaps dwarfs are relatively 
common in voids. 

In addition to whether the dark matter is hot 
or cold, we are also concerned with whether or not 
it is baryonic. The hdm models are clearly nonbary- 
onic because neutrinos are leptons. The other hy- 
pothesized WIMPs are also not baryons; otherwise, 
they would not be “weakly interacting.” One ar- 
gument for the nonbaryonic nature of dark matter 
is the very small amplitude of the CBR fluctuations. 
The line of reasoning is that the detected fluctua- 
tions are smaller in amplitude than needed to make 
the present day structures and are smaller than the 
dark matter fluctuations, which dominate in mass, 
because the microwave photons strongly interact 
with the matter and keep it “stirred up.” After the 
decoupling epoch, the baryonic matter is free to 
collect into the gravitational potential wells of the 
dark matter. 

Observations of the nonbaryonic component of 
dark matter must be indirect. However, we can 
somewhat more easily try to detect the baryonic 
component of dark matter, which is much less ex- 
otic than WIMPs but requires a huge population of 
very compact objects, such as Jupiters (i.e., large 
planets), white dwarfs, neutron stars, and/or black 
holes. (Collectively, this group is termed MACHOs 
for MAssive Compact Halo Objects.) White dwarfs 
have a mass to luminosity ratio of 104 or greater; 
so a large population of them could drive up the 
M/L ratios of galaxies or clusters of galaxies to the 
uncomfortably high values determined by the vir- 
ial theorem. Planetary objects, neutron stars, and 
black holes have even larger M/L ratios; so they 
would be even more efficient at affecting overall 
M/L ratios. The problem with suggesting these 
sorts of objects as causing the dark matter phenom- 
enon is that we have no theoretical or observational 
reasons for forming the vast number of objects 
needed and to disperse them over the large vol- 
umes—much greater than that occupied by normal 
stellar populations. Although we have no models, 
we can at least try to observe MACHOs by watch- 
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ing a large number of stars for possible occultations 
by small dark objects. Several groups have been 
monitoring the Magellanic Clouds and the nuclear 
bulge of the Milky Way for just such events. The 
design of the observations is to choose a very rich 
star field (rich because any one occultation is quite 
unlikely) located along a lengthy line-of-sight that 
contains the expected MACHO population. The 
signature of a MACHO occultation is that it be 
transient and time symmetric and not affect the col- 
ors of the background star. These help make the 
event stand out from the “noise” of standard stellar 
variability. Several candidate occultations have 
been found, but the numbers are too small to make 
any definitive statements about how much of the 
dark matter can be accounted for or how the 
MACHOs are distributed between the disk and the 
halo. 

Another manner in which observations might 
constrain theories comes from an alternative way 
of creating voids. Gravity can amplify density con- 
trasts, thereby making voids less dense and larger 
with time. An alternative possibility is to envision 
pre-galactic, supermassive Population III objects 
exploding and evacuating a spherical region that 
would then grow. This is an explosive amplifica- 
tion of the density contrast. Most versions of the 
explosive models have trouble making voids 
whose diameters exceed about 10 Mpc. Here again, 
finding the sizes of the largest voids will be helpful 
in discriminating among theories. 

We caution the reader that today’s problems 
might be overcome by the theorists of tomorrow. 
We do not necessarily advocate any of these mod- 
els. Our intent is to show you something about the 
current status and direction of models of galaxy 
formation. 


26-6 
NONCOSMOLOGICAL REDSHIFTS 


Up to this point we have assumed that the redshifts 
of galaxies and quasars are a result of cosmological 
expansion. Clearly, there is a component of red- 
shifts that does not represent pure Hubble flow; 
bulk motions and individual motions in clusters 
(Chapter 24) can be an important effect for nearby 
galaxies. But there is a persistent band of astrono- 
mers who believe that noncosmological effects may 
have a much greater influence; they believe that 
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most or all the measured redshift of a galaxy or 
quasar arises from some physical process that is 
inherent to the object. 

The proponents of noncosmological redshifts 
have looked for evidence that some quasars are as- 
sociated with galaxies—in the sense of proximity 
on the sky—and then searched for a possible phys- 
ical connection between the galaxy and the quasar. 
The arguments rely heavily on statistical inference 
to demonstrate that the chances of proximity are 
small. (On the average, two quasars appear per 
square degree of sky down to a limiting magnitude 
of V = 19.) 

We give two representative examples, both 
from the work of Halton Arp. In one, a quasar-like 
object (z = 0.044) lies in front of an elliptical galaxy 
(z = 0.009), based on the fact that a dark ring rims 
the quasar—material perhaps absorbing light from 
the galaxy. Arp concludes that the object was 
ejected by the galaxy. He finds another curious case 
in the cluster of galaxies Abell 1367, where two 
quasars lie close to a galaxy (within about 1’)—an 
association that Arp argues has only 7 x 10~¢ 
probability of happening by chance. A physical 
connection has yet to be established in either case. 

Also troubling to the standard view is the work 
of W. Tifft who has found evidence for the quan- 
tization of redshifts in normal galaxies. Whereas 
Arp’s methods tend toward finding peculiar asso- 
ciations of high and low redshift objects, Tifft’s 
method examines the statistical properties of large 
numbers of galaxy redshifts. He originally found a 
72-km/s redshift periodicity in galaxy rotation 
curves and in the differences between the redshifts 
of pairs of galaxies. The pair study is particularly 
illuminating because the expectation is that a sam- 
ple of pair redshift differences would be roughly 
Gaussian with a peak at zero because many sys- 
tems would be seen pole-on. Yet the observations 
show that zero difference is excluded, and the dis- 
tribution of differences has regular peaks. This 
work was expanded to find global effects when a 
correction was applied that is similar to the bulk 
motion or CBR-related corrections for the peculiar 
frame of the Galaxy. In this manner, several shorter 
periods were found including 36 km/s. 

Importantly, there is confirmation for Tifft’s re- 
sults. B. Guthrie and W. Napier examined an in- 
dependent, nearby sample of galaxies and found 
the same quantization periods. If eventually ac- 
cepted, these results clearly have a revolutionary 


effect on cosmology. The explanation advanced by 
Tifft is to expand on an idea by A. Lehto that time 
may really have more than one dimension. 

Most astronomers believe that the evidence to 
date more strongly supports a cosmological rather 
than a noncosmological interpretation. It seems 
useful for most workers to continue to push the 
“standard” picture as far as possible, but it is also 
important for a few brave souls to question the 
foundations of our science. Perhaps there is another 
Copernicus waiting in the wings. 


26-7 
HISTORY OF THE UNIVERSE 


We are now prepared to sketch out our current 
best ideas about how the Universe evolved. This 
history is complex, with chapters in which the 
strong nuclear and weak nuclear forces command 
the stage as far as which component particles exist 
and what interactions they are participating in at 
the time. The electromagnetic force became impor- 
tant after expansion made interparticle distances 
much greater than the effective scale lengths of the 
short-ranged nuclear forces. Of course, in the back- 
ground it was the weakest of the four forces, 
gravitation, that commanded the curvature and de- 
celeration of the Universe as a whole. This hap- 
pened because gravitation alone has an infinite ef- 
fective range and always causes attraction; there 
are no negative gravitational charges whose effect 
would cancel out attraction. 

We will follow this history in terms of time 
units. We could just as easily follow it by using 
temperature, mass density, energy density, or scale 
size of the Universe as the independent parameter. 
Remember that it is more significant to think in 


. terms of exponents than linear units. A time of 


10-35 is, in this sense, farther removed from the 
epoch of cosmic nucleosynthesis (107-10? s) than 
we are 10!7-10!8s (10-20 billion years) later. You 
can see this by considering how many times the 
Universe doubled its size before the nucleosynthe- 
sis era compared to how many times it doubled 
afterward. 


10-455 We have no real understanding of what 
physics would be like at the energies prevailing be- 
fore this time. Probably, the gravitational force was 
quantized, and there may have been extra dimen- 


sions beyond the four that we experience as space- 
time. It may be that the perturbations that would 
eventually become galaxies had their origins in 
quantum fluctuations right at the beginning when 
gravity was quantized. 


10-35 5 This marked the end of grand unification. 
The strong nuclear force separated from the elec- 
troweak force, thereby initiating inflation. Before 
this epoch the numbers of quarks (and antiquarks) 
and photons were equal, but a variety of processes 
that violated charge-parity conservation resulted in 
the annihilation of most of the quarks. Because the 
current ratio of the number of photons to the num- 
ber of baryons (made out of quarks) is 10°-10°, 
only about one in one billion quarks survived this 
period of annihilation. No antiquarks survived. 
This is the origin of the baryon/antibaryon asym- 
metry and is also the reason why baryons are so 
rare compared to photons. 


10-325 Inflation ended. The “bubble” of phase 
that is our observable Universe had grown from 
about 10-*3cm to perhaps 10 cm—which would 
subsequently expand to much larger than we can 
presently see (about 1028 cm). The principal com- 
ponents of the Universe were photons, quarks, an- 
tiquarks, and colored gluons. Notice that protons 
were not stable, so at this stage there were no ele- 
ments—not even hydrogen. 


10-'2s5 The weak nuclear and electromagnetic 
forces separated. Notice that the Universe at this 
point was 107° times older than when the last ma- 
jor event happened. Very little activity occurred in 
this period, and it is-often referred to as a “desert.” 


107-103 s This was the period of cosmic nucleo- 
synthesis. Nucleons were fused, leaving about 25% 
of the baryonic matter in the Universe in the form 
of helium. Essentially all the rest of the baryons 
were hydrogen nuclei (protons). 


10's This marked the era of decoupling between 
photons and baryons. Before this point, the energy 
density of radiation was much higher than that of 
the matter. After this, the matter dominated. Be- 
cause the decoupling accompanied the combina- 
tion of free electrons with nuclei, this marked the 
beginning of atoms—the form of matter that we are 
most familiar with. 
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10'©s Galaxies, stars, and planets began to form. 


10'8s The present. As time passes from this stage, 
the galaxies continue to recede from each other, but 
the Hubble “constant” decreases. The temperature 
of the Universe will continue to drop, asymptoti- 
cally approaching absolute zero. Because 11 = 1, 
the expansion will continue for an indefinite period 
of time. 


1049s Protons decay (perhaps). Atomic matter 
ceases to exist. 


Figure 26-2 illustrates several aspects of this 
history up to the present. Each of the horizontal 
lines should be thought of as coincident, but we 
could not annotate one line and retain clarity; the 
history of the Universe is too complex for one sim- 
ple illustration. 


26-8 
SUMMARY 


The recent progress that has been made in both 
astronomical observations of large-scale structures 
and the understanding of particle physics has 
shown that several problems in understanding the 
Universe an be solved. The theory of inflation has 
been wonderfully successful at explaining several 
of the problems. It shows us why the whole Uni- 
verse has a common background temperature, why 
magnetic monopoles are not common, and why the 
density is astoundingly close to critical. We also 
now understand that the present-day symmetry be- 
tween matter and antimatter was violated in the 
early Universe in a manner that annihilated most 
of the matter and all of the antimatter. Rather than 
solving the problem of the small-scale isotropy of 
the microwave background, we use this observa- 
tion to constrain our theories and believe that it 
tells us much about the dark matter. 

We do not know if these solutions are unique, 
and we have not solved all the problems that have 
been raised. In particular, we cannot claim to 
understand cosmology without significantly im- 
proved knowledge of the dark matter. Actually 
detecting these particles could be exceedingly 
difficult. This is particularly true if the dm is dom- 
inated by supersymmetric particles whose inter- 
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Figure 26-2 History of the Universe. All the horizontal axes are actually coincident. The 
history proceeds from the Big Bang on the left to today on the right. 


actions with baryonic matter are unknown. How 
would we trap an “ino” in the laboratory? Simi- 
larly, we cannot claim to know the history very 
well until Population III stars have been identified. 
Cosmic nucleosynthesis and stellar nucleosynthesis 


cannot be reconciled without Population III. Fi- 
nally, we have made progress but do not yet know 
with any definitiveness how large-scale structures 
were formed. What exactly were the processes that 
made superclusters and voids? 


ky Faison: § (n(n 


Standard Big Bang cosmologies cannot be reconciled 
with four problems: 


1. The high degree of isotropy of the background 
radiation 

2. The closeness of the Universe to critical density 

3. The lack of antimatter 

4. The lack of Population III stars 


The first two problems are addressed by the theory of 
inflation, in which the Universe expands at a superlu- 
minal rate at a very early stage. 


The theoretical results of cosmic nucleosynthesis cal- 
culations agree well with present-day observations, 


lending credence to our understanding of the Universe 
at an age of a few minutes. The cosmic fireball created 
hydrogen and helium (about 25% of the mass) and very 


_ little of all other elements. 


Of the four forces in nature, the weak nuclear and elec- 
tromagnetic forces have now been unified. There is a 
strong belief that the strong nuclear force will eventu- 
ally be brought into unification with the electroweak 
force by the grand unification theories, which may pre- 
dict the eventual decay of protons. 


Galaxies are believed to have formed from small ov- 
erdensities called perturbations. The earliest form may 
have been quantum fluctuations during the first 10-*° 


of the Universe. Most of the perturbations either were 
damped or just oscillated until the epoch of decoupling 
at which time they grew in amplitude as material gath- 
ered together under the influence of gravity. Evidence 
for the existence of perturbations on very large scales 
comes from observations of fluctuations in the CBR. 


The dark matter may take the form of MACHOs, which 
are underluminous compact objects or from nonbar- 
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yonic, weakly interacting particles that could either be 
hot (neutrinos) or cold. 


The broad history of the Universe shows times during 
which very little happened in addition to the inflation 
period and times when forces and particles decoupled 
from each other. 


ps 


1. Assume that dust grains, whose characteristic size is 
1 um, are uniformly distributed throughout interga- 
lactic space at a mean mass density of 10-2” kg/m? 
(the critical mass density). 

(a) What is the number density (number per cubic 
meter) of this dust, and what is the average sep- 
aration between grains? 

(b) Compare your answers to (a) with the number 
density and separation of the interstellar dust 
grains in our Galaxy. 

(c) Show that this hypothetical intergalactic dust will 
drastically redden the stars observed in the An- 
dromeda Galaxy (such reddening is not observed 
in practice). 


2. If intergalactic space is filled with H II at a tempera- 
ture of 10° K (a plasma), 

(a) What are the mean speed and mean kinetic energy 
(per particle) of these protons? 

(b) To what wavelength of electromagnetic radiation 
does this individual kinetic energy correspond? 
Could such radiation be detected from the surface 
of the Earth? 


3. Electrons are the lightest stable particles made in the 
Big Bang. What is the latest time they could have been 
formed? 


4. Use Equation 25-21 and Figure 25-2 to verify our 
statement in this chapter that tends to evolve away 
from unity. 


5. If we use 10!°K as the critical temperature for pho- 
todissociation of deuterium, what is the binding en- 
ergy of the deuteron? 


6. Section 26-7 outlines various stages in the history of 
the Universe in time units. Estimate the corresponding 
density and radiation temperature for each of these 
times. Comment on the accuracy of your results. 


7. The GUTS and inflation models help explain many of 
the problems of the standard Big Bang model. What 
problems still exist? 


COMET UPDATE  — 


Hale-Bopp 


Comet Hale-Bopp left an arc of memory in the 
minds of more people than any other comet ever 
(Figure U-1). In part from its long visibility, and in 
part for its luminosity—the second brightest of 
comets on record, enhanced by the fact that it was 
visible in a dark sky after the end of twilight when 
it appeared most dazzling. Any surprises for 
astronomers? 

One, sodium gas was discussed in the coma. 
By May, 1997, the comet displayed three tails: the 
expected ones of dust and plasma, and also a so- 
dium tail situated between the plasma and dust 
tails. Two, the comet shed a series of dust shells 
that appeared in its inner coma and advanced out 
into the dust tail—a process probably typical for 
most comets, but rarely observed until Hale-Bopp 
(Figure U-2). Hence, the dust tail is really the su- 
perposition of many synchronic tubes of dust, each 
defined by the ejection time from the inner coma 
and its ejection velocity. Infrared observations con- 


firmed that olivine grains made up part of the dust. 
Three, spectroscopy detected DCN (cyanic acid 
with deuterium), the first ever in a comet. The in- 
ferred D/N ratio was about 107°. Four, the size of 
the nucleus was estimated to be about 40 km in 
diameter, and its rotation period 11.5 hours, with 
a notable precessional period of some 22 days. 
Most spectacular to the visual view, were the shells 
produced by active vents on the sunward side of 
the nucleus (Figure U-3). The spinning, wobbling 
nucleus that resulted is a series of asymmetric 
shells. 

For the latest information, visit the Hale-Bopp 
World Wide Web site at: 
http://encke.jpl.nasa.gov. 


Comet Hyakutake 


The ROSAT X-ray observatory discovered X-ray 
emission from Comet Hyakutake—the first time 
ever from a comet. Strangely, the brightest X-ray 


Figure U-1  Hale-Bopp Im- 
age from the Space shuttle. 
The streaks on the Earth are 
a result of the time exposure. 
(NASA) 


Figure U-2 An infrared image of Hale-Bopp, showing Figure U-3 An enhanced image of the jets in Hale- 
dust shells in the coma. (Casey Lisse, Yan Fernandez, and Bopp, taken with the 2.2-m telescope, Mauna Kea. (Wil- 


Joseph Hora, University of Maryland, and Joseph Hora, Insti- liam D. Vacca, Institute for Astronomy, University of Hawaii) 
tute of Astronomy, University of Hawaii) 


Figure U-4_ Night-time image of a small comet trail (se- 
ries of small white blotches above Earth) viewed from 
the Polar spacecraft (L. Frank, J. Sigwarth, and NASA) 


region lay 30,000 km ahead of the nucleus, on the 
sunward side. As yet, the mechanism for this emis- 
sion is not understood, though it likely arises from 
the interaction of the comet’s highly-charged ions 
with the solar wind. Ions of minor constituents 
(such as O, C, and Ne) can capture free electrons 
in their inner shells, which produces emission lines 
in the 100 eV to 2 keV range. 

For the paper on modeling of the X-ray emis- 
sion, go to: 
http://hpcc.engin.umich.edu/HPCC. 


Small Comets and the Earth 


NASA’s Polar spacecraft has made observations 
that the Earth is pelted by thousands of small com- 
ets daily. The images show these snowballs disin- 
tegrating at 10,000 to 20,000 km above the Earth as 
they plunge to the atmosphere. The comets leave 
glowing trails as their water molecules are stripped 
of one H, leaving it with OH that glows when il- 


luminated by sunlight (Figure U-4). They create 
short-lived atmospheric “holes”, some 50 km 
across, which were first observed over a decade 
ago but not confirmed until now. The cometary 
bodies are about the size of a house and weigh in 
at tens of tons. They deposit water vapor in the 
upper atmosphere and, in the past, may well have 
been the source of some of our atmosphere and 
oceans (along with outgassing from the Earth’s in- 
terior) [Section 7—6(F)]. 

These new observations support a model orig- 
inally proposed by Louis Frank, of the University 
of Iowa, which he asserted when “holes” appeared 
in some images of the Earth’s aurora. This confir- 
mation leads to the inference that a population of 
very small cometary bodies exist at least in the in- 
ner region of the Solar System. If so, then the other 
terrestrial planets may have undergone this cosmic 
rain. 

For more images and updates, visit the WWW 
site: 
http://smallcomets.uiowa.edu. 
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The 25 Brightest Stars 
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SaNikae eee) Stellar Characteristics by Spectral Type and Luminosity Class 


Atomic Elements 
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\:jaae-eee) The Periodic Table 


Conversion of Units 


Astronomers have traditionally used a cgs system 
of units, while physicists have pretty much 
adopted SI units. Here we give the basic SI units 
and some useful conversions to cgs and English 
units. SI stands for Systeme International, the In- 
ternational System of units. 
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Constants and Units 
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aW\;iga-ves) Units and Conversions 


The Greek Alphabet 


In the following eight sections, we briefly review 
the basic mathematical methods used in astronomy 
and astrophysics: trigonometry, spherical trigo- 
nometry, exponential notation, analytical geome- 
try, vector analysis, series, the calculus, and men- 
suration formulas. The most useful results are 
placed in boxes and in tables for handy references. 


TRIGONOMETRY 


Angular Measure 


Figure A-1 depicts a circle of unit radius. The an- 
gular measure 6 may be specified in three ways. 
The most ancient and familiar procedure is to di- 
vide the circle’s circumference into 360 equal parts 
and to term that 6 corresponding to one of these 
parts an arc-degree (°). Each arc-degree is further 
subdivided into 60 arc-minutes ('), and each arc- 
minute, into 60 arc-seconds ("). Hence, there are 
360 X 60 X 60 = 1,296,000” in the full circle. 
Astronomically, one rotation of the Earth re- 
quires 24 hours (") of time; we are accustomed to 
dividing the hour into 60 minutes (™) and each min- 


AN 
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ute into 60 seconds (°). Hence, there are 24 X 
60 X 60 = 86,400° per rotation. A complete rota- 
tion (24") corresponds to the full circle (360°), how- 
ever, so that we may say qh = 15° 1™ = 15’, and 
1s = 15”. 

Finally, we may define a radian (rad) as that 
angle @ corresponding to a unit distance along 
the circumference of our unit circle. Since the en- 
tire circumference is 27 units in length (7 = 
3.141593. . .), there are 27 rad in the full 360°. 
Therefore, 1 rad = 360°/27 = 57.2958° = 206,264.81”. 
[Radian measure is extended to angular areas by 
noting that the surface area of a sphere of unit ra- 
dius is 47 square units, that is, 47 steradians (sr). 
Since a steradian is one square radian, there are 
41,252.96 square arc-degrees on the sphere.] 


@ The Right Angle 


The triangle OHA in Figure A-2 is a right triangle 
since the angle at vertex H is 90°. With respect to 
the angle 6, the three sides of this triangle are la- 
beled a (adjacent), 0 (opposite), and h (hypotenuse). 
The fundamental trigonometric functions, sine (sin) 
and cosine (cos), are defined as 


sin 6 = o/h cos 6 = a/h 


A dependent function, the tangent (tan), then fol- 
lows as 


tan 6 = o/a = (0/h)/(a/h) = sin 6/cos 0 


9 TH 


Figure A-2 
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I TABLE A9-1| A9-1 r TABLE A9-2 A9-2 


Region sin cos tan Angle 
a aa a Arc-Degrees Rad sin cos tan cot 
90° oP oF + 
90°-180° + - - 0 0 0 1 0 °0 
180°-270° = = " 30 m/6 1/2 -V3/2_ -V3/3,— V3 
270°-360° - + - auf Ode ON 272 1 


45 
60 a/3 V3/2 1/2 V30~—OCOV’3/3 
90 a/2 1 0 oo 0 


The trigonometric functions may be extended 
to the full circle (0° = @ = 360°) by using the signs 
given in Table A9-1, the special values listed in 
Table A9-2, and the values for every arc-degree 
from 0° to 90°. The following practical identities are 
needed in this extension: 


sin 6 = +cos(@ — 90°) = —sin(@ — 180°) = —cos(@ — 270°) 


cos 9 = —sin(6 — 90°) = —cos(@ — 180°) = +sin(@ — 270°) 
tan 6 = —cot(@ — 90°) = +tan(@ — 180°) = —cot(@ — 270°) 


Also occasionally encountered are the three recip- 


rocal functions: Cc 
cosecant — csc 0 = h/o = 1/sin 0 ‘ 
secant — sec 6 = h/a = 1/cos 6 " 
cotangent — cot 6 = a/o = 1/tan 0 Z ; 


The following trigonometric identities are ex- 
tremely useful: Figure A-3 


Pythagorean ‘sin? 6+ cos? 6=1 1 + tan? 6 = sec? 0 
sin(@ + ¢) = sin 6 cos ¢ + cos Osin ¢ 


pum-and-difference ae + ¢) = cos 6cos d + sin 6 sin d 


Double-angle 


sin? 6 = (1/2)(1 — cos 26) —_cos* 6 = (1/2)(1 + cos 26) 


| sin 26 = 2 sin @ cos 0 


Area = Vs(s — a)(s — b)(s — c), where 

s=1/2a+b+c) 
The Planar Triangle Law of sines_ {a/sin A = b/sin B = c/sin C 
a* = b2 + c? — 2be cos A 


Law of cosines ( = c* + a? — 2ca cos B 
c2 = a2 + b* — 2ab cosC 


Figure A-3 illustrates the general planar triangle 
ABC, with vertex angles A, B, and C and corre- 
sponding opposite sides a, b, and c. For any such 
triangle, the following formulas obtain: 
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SPHERICAL TRIGONOMETRY 


The Spherical Triangle 


Any plane that passes through the center of a 
sphere intersects the sphere in an arc that is a por- 
tion of a great circle. Any plane not passing through 
the center of the sphere intersects the surface in an 
arc that is a small circle. When two great circle arcs 
intersect, the angle between them is a spherical an- 
gle. In Figure A-4, the arcs AB, BC, and CA are 
great circle arcs, and the angles ABC, BCA, and 
CAB are spherical angles. These great circle arcs 
and spherical angles form the spherical triangle 
ABC. Note that the arcs and angles project onto a 
plane tangent to the sphere at point A forming the 
projected plane triangle ADE. 


@ The Cosine Formula 


If we label the sides of the spherical triangle in 
Figure A-4 by a, b, and c as indicated, then the 
lengths of the sides and the angle CBA =A 
are given by the fundamental formula of spherical 
trigonometry: 


cos a = cos bcosc + sin b sinc cos A 


D 
Figure A-4 


Note that the sides, as well as the included angles, 
are all given as angular measures. 

Use of the cosine formula allows for the cal- 
culation of the third side if two sides and the in- 
cluded angle are known. If all three sides are 
known, the three angles can be found by successive 
use of the formula. 


The Sine Formula 


The relationship between any two sides and the op- 
posite angles of a spherical triangle are given by 
the sine formula: 

sinA  sinB _ sinC 


sin a sin b sin Cc 


However, one must be aware, as in the analogous 
plane trigonometry calculation, that there is an in- 
herent ambiguity between the sin(angle) and the 
sin(180 — angle). 


EXPONENTIAL NOTATION 


Powers and Roots 


When a positive number a is multiplied against it- 
self, an integer m number of times the result is the 
mth power of a: 


aXaxXaxX---(m times) --- X a =a™ 


When several powers of the same number are mul- 
tiplied together, their exponents add: aa" = a™*", 
If we define a° = 1, then negative exponents are 
admitted and are called reciprocals: 
la > aa sa =a = 1, 

Similarly, we term a!" the mth root of a since 
we recover a when its root is raised to the mth 
power: (a/)™ = qm/m = ql = q. Note that when a 
power or root is raised to a power, the two expo- 
nents involved multiply. These results are readily 
generalized to any real exponent (not necessarily an 
integer or a rational fraction) by the following for- 
mulas: 


qm = 


a®=1 a-™ = 1/a™ 


(aby™ = a™b™ 


a™q" = qmtn (a™)" = qin 


We define the factorial of an integer n as the 
product of n with all smaller integers (down to 
1): n! = n(n — 1Xn — 2) --- (3)(2)(1). It is conven- 
tional to also define 0! = 1. 

The following simple examples illustrate these 
manipulations: 


34=3x3x3x3=81 
23 =1/2=1/2x 2x 2)=1/8 
152 = @ x 5)* = 3? X 54 = 9 X 25 = 225 
62 & 62 = 62 = 6S 
(V2)3 = (21/2)3 = 23/2 
44=4x3x2x1=24 


@ Exponentials and Logarithms 


When the base a is given, the exponential formula 
y = a* = the base a to the power x 


yields a value of y for every value of x (exponent) 
we choose. However, if we know both a and y and 
desire to learn x, we must invert this relationship 
to obtain the logarithmic formula 


x = log, y = the exponent of a that yields y 


For example, given 8 = 2*, we know that x = 3, 
since 23 = 2 X 2 X 2 = 8; hence, logs 8 = 3. 

The general properties of powers and roots 
lead to the following useful relationships for loga- 
rithms: 


Product 


loga(xy) = log, x + loga y 
Quotient = 


log a(x/y) = log, x — loga y 
loga(y”) =n loga y 
loga y = (log, blog, y) 


Power 


Change of base 


In this text, we most frequently encounter the 
decimal base, a = 10; logarithms with respect to this 
base are termed common logarithms (written “log”). 
Every common logarithm consists of two parts: an 
integer (the characteristic) and an “endless” decimal 
(the mantissa). For example, 


log 33.7 = log 10!°?76 = 1.5276 
— mantissa 


characteristic 
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When we use the power-of-ten notation, 33.7 = 
3.37 X 101, the characteristic 1 is immediately 
evident. 

Important in the calculus (Section A10-6), al- 
though infrequently encountered in this text, are 
exponentials to the base e = 2.71828... . The as- 
sociated natural, or Naperian, logarithms are de- 
noted “In.” In all practical computations, we will 
make a change of base to the decimal system (com- 
mon logarithms) using the relationships: 


ex = 199-4343x 
In x = (2.3026) log x 


ANALYTICAL GEOMETRY 


Coordinate Systems 


Three common coordinate systems are used to lo- 
cate a point in three-dimensional space. The most 
familiar system is rectangular Cartesian coordinates 
(x, y, z). Beginning at the origin O (x =0,y = 
0, z = 0), we move out the x-axis x units, across 
parallel to the y-axis y units, and up parallel to the 
z-axis z units (Figure A-5). 

In cylindrical polar coordinates (p, ¢, 2), the 
point is found by moving out from the origin in the 
xy plane the distance p at the angle ¢ to the x-axis, 


x 


Figure A-5 


A-24 Appendix 9 


then up z units parallel to the z-axis (Figure A-5). 
These coordinates are clearly related to Cartesian 
coordinates by 


x= pcos ¢ y = psin ¢ Z=2Z 


Finally, in spherical coordinates (r, 0, ¢), we 
move the distance r from the origin at the angle 6 
to the z-axis; the projection of this motion on the 
xy plane is inclined the angle ¢ to the x-axis 
and has the length p = r sin 6 (Figure A-5). The 
connection to Cartesian coordinates is therefore 
given by 


r sin 6 cos @ 
y=rsin 6sin d 
z=rcos@ 


R 
ll 


@ Graphs 


We define “y as a function of x” by the algebraic 
equation y = y(x). Therefore, for each value of x, 
the function yields a value of y; we have an (x, y) 
pair. To better illustrate the properties of the func- 
tion, let us graph every (x, y) pair as a point in a 
two-dimensional Cartesian coordinate system; the 
result is a curve. 

Consider the linear equation y = mx + b, 
where m and b are constants. When x = 0, y = b. 
When x = —b/m, y = 0. And for every unit in- 
crease of x, y “increases” by m units; we say that 
the slope is m. The graph of this function is the 
straight line shown in Figure A-6. 

Now consider the quadratic equation y = 
ax? + bx +c, where a, b, and c are constants. 
When x = 0, y = c; the two zeroes of the equation 


Figure A-6 


\ 
y = ax? + bx + ¢ 


Figure A-7 


(where y = 0) are given by the quadratic formula: 


The graph of this function (Figure A-7) is a para- 
bolic curve. 

The usefulness of graphs is most evident when 
we consider more complicated functions. Figure 
A-8 shows the trigonometric functions sin x, 
cos x, and tan x. Figure A-9 depicts the exponen- 
tial function y = a*; the logarithmic function x = 
log, y may be seen by rotating the diagram 90° 
counterclockwise. 


The Conic Functions 


In planar polar coordinates (p, ¢), all gravitational 
orbits may be described by the single equation 
p = d(1 + e)/(1 + e cos ¢), where p = d is the dis- 


‘tance of closest approach to the origin (at ¢ = 0°). 


The graph of this function yields a variety of curves 
called the conic sections (Figure A-10). 

Whene = 0, we have a circle of radius d. When 
e lies in the range 0 < e < 1, the curve is an ellipse; 
we usually write d = a(1 — e), so that the major 
axis (longest dimension) of the ellipse is 2a. When 
e = 1, the curve is a parabola that is “open” to the 
left at ¢ = 180°. Finally, we speak of a hyperbola 
when e > 1; this curve exhibits p — © at the two 
angles where cos ¢ = —1/e (along lines called 
asymptotes). , 
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Figure A-8 


Figure A-9 


VECTOR ANALYSIS 


Vectors 


A vector is like an arrow, for it has both a magnitude 
(length) and a direction. The magnitude is a scalar, 
a simple number without a direction (like temper- 
ature or mass). We denote a vector by a letter 
printed in boldface, c, and its magnitude by the 
same letter printed in italic type, c. 

Two vectors are added, c = a + b, using the 
parallelogram rule of vector addition illustrated in Fig- 
ure A-11. Conversely, a vector may always be de- 
composed into two component vectors. For conve- 
nience, we decompose along the coordinate axes 
and write the vector as c = (Cx, cy). Now the rule 


of vector addition may be stated in terms of com- 
ponents as 


From the Pythagorean theorem and Figure 
A-11, it is clear that the magnitude of c is just 
c = (cy? + cy*)/2. In terms of the angle a between 
c and the x-axis, the direction of c is given by 


Hyperbola 


Figure A-10 
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Figure A-11 


tan a = c,/cy. Finally, as a consequence of vector 
addition, the magnitude of ¢ may be written as 
eH lee + o7 | 
= [lax + bx)? + (ay + by)? 
= [a2 + a,?) + (02 + b,?) 
+ 2(axb, + ayby)]'/? 
= [a? + b? + 2a - b)]/? 


(see the vector dot product in the following section) 
or from the law of cosines 


c? = qa? + b? + 2ab cos B 


where B is the smallest angle between a and b. 
As an example, consider the vectors a = 
(1, 1) and b = (3, —4). Their magnitudes are 
a= (a,2 a apy = (12 aa 12)1/2 
= (1+ 1/2 = 2) = V2 
b= (32 4 42)1/2 =(9 + 16)1/2 =5 


Their vector sum is 


c=a+b=(, + b;, a, + by) 
(eb S 4) = (4 Sr ey, ey) 


with the magnitude 
c= (42 as 32)1/2 =5 


(Construct a diagram like Figure A-11 for these 
vectors and show that a, b, c form an isosceles 
triangle!) 


@ Dot Product 


In three-dimensional Cartesian coordinates, the vec- 
tor dot product of a and b is defined as the scalar 


a+b =a,b, + ayby + azb, 


If is the smallest angle between a and b, then we 
can easily show that 


a-b=abcosw 


Therefore, the dot product is a- measure of the com- 
ponent of a in the direction of b (or vice versa), and 
a + b = 0 when the two vectors are perpendicular 
(w = 90°; Figure A-12). 

Consider the example from the previous sec- 
tion, a = (1, 1) and b = (3, —4). Now, 


a-b= a,b, Ts Ayby 
()(3) + (N(-4) = 3-4 = -1 


The angle yw satisfies 


cos w = a+ b/ab = (-1)(V2)(5) 
= -V2/10 = —0.1414 


so that Table A9-1 implies that y ~ 98°. 


Cross Product 


The vector cross product of a and b, denoted 
a X b, is another vector and is perpendicular to both 
a and b. The direction of the resultant vector is 
given by the right-hand rule: “Align the fingers of 
your right hand along a, and then rotate this hand 
through the smallest angle () between a and b to- 
ward b; your thumb will point in the direction of 


Base = a 


axXb 


Height = b sin y 
t 


bxa 


Figure A-12 


the cross-product vector.” In terms of components, 
the cross product is defined by 


The cross product is essentially a measure of the 
component of a perpendicular to b (or vice versa), 
and it is therefore also given by 


la x bl = ab sin w 


Note that when a and b are parallel (or antiparal- 
lel) a X b = 0; also, it is true that bX a= 
—a X b (check this by using the right-hand rule 
and the component definition of cross product.) 

Figure A-12 illustrates some of the properties 
of the dot product and the cross product of two 
vectors a and b. 

We conclude with the calculation of the cross 
product of a = (1, 1) and b = (3, —A4) (see the pre- 
ceding sections): 


1 
Binomial 


sin x = x — (1/6)x3 + (1/120)x> — --- 

cos x = 1 — (1/2)x? + (1/24)x4 - --- 

tan x = x + (1/3)x3 + (2/5)x5 + + 

ex = 1+ x + (1/2)x2 +(1/6)x3 +: 

In(1 + x) = x — (1/2)x? + (1/3)x3 -— (1A)x4 + + 


Trigonometric 


Exponential 


Logarithmic 


Three simple examples illustrate the use of 
these series. First, let us evaluate Ve. We have (ap- 
proximately) 


e/2 = 1 + (1/2) + (1/2)(1/2)2 

+ (1/6)(1/2)? + + 

1+ 1/2 + 1/8 + 148+ --- 
= 79/48 + --- = 1.65 


Second, consider the very narrow triangle used 
in stellar parallax (Chapter 12), with short side = 
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a x b = (0, 0, —4 —3) 
= (0, 0, -7) 


Therefore, a X b is directed in the negative z di- 
rection (perpendicular to both a and b, which lie in 
the xy plane) and the area of the parallelogram in 
Figure A-12 is |a x b| = 7. An alternate method 
for finding a x b is the following. First discover its 
direction by using the right-hand rule; then find its 
magnitude via |a x b| = ab sin y: 


la x bl = (V2)(5) sin 98° = (1.414)(5)(0.99) 
6.999 = 7 


since a, = 0 = b, 


SERIES 


In the functional relationship y = y(x), we term x 
the argument. In many practical applications of as- 
tronomy and astrophysics (and particularly in the 
calculus; Section A9-7), we need to know the be- 
havior of certain functions for very small values of 
the argument (0 = x < 1). Hence, we expand the 
function in a series of powers of x; useful series ex- 
pansions are listed below (together with the precise 
range of applicable x values): 


1 + nx + (1/2)n(n —1)x?2 + (1/6)n(n — 1)\(n — 2)x3 + --- 


(x? < 1; all n) 
(x? < 1) 

(x2 <1) 

(x2 << 77/4) 
(x? <1) 

(x? <1) 


1 AU, adjacent side = d AU, and included angle 
at the star = a(rad) < 1. Then we compute 


(1 AU)/@/AU) = tan a(rad 
~= mrad) = d(pc) ~ 1/7” 


since there are 206,265’/rad and 
206,265 AU. 

Finally, when computing tidal accelerations, 
we seek the very small difference between two 


large quantities: GM/[r + (d/2)]*. Extract the r? in 


l pe = 
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the denominator, and use the binomial series on 
the remaining denominator (sinced <r > x = 
d/2r < 1): 


(1 + d/2r)? = 1 + 2(d/2r) + 3(d/2r)2 --- 
=ltd/rt+-:- 
Therefore, we find 


GM/(r — d/2)2 — GM/(r + d/2)2 

= GM/r? ((1 — d/2n — (1 + d/2r)?] 

= GM/r? [1 + d/r +) -—(l-dfr ++) 
~ 2GMd/r3 


THE CALCULUS 


Derivatives 


We seek the derivative (or instantaneous slope) of the 
function y(x) at the point x. As illustrated in Figure 
A-13, we select a nearby point x + Ax, evaluate 
y(x + Ax), and in the limit as Ax becomes infini- 
tesimally small (lim, ), we define the derivative as 


dy/dx = dim, [y(x + Ax) — y(x)]/Ax 


Let us use this definition to derive two simple 
derivatives. Consider first y(x) = x?; then 


y(x + Ax) = (x + Ax)? = x? + 2x(Ax) + (Ax)? 
Therefore 
In = | 2 2 gD 
dy/dx iim, [x2 + 2x(Ax) + (Ax) x*]/Ax 


= lim 2x + Ax = 2x 
Ax—0 


Hence the derivative of x? at x is 2x. 


Figure A-13 


Second, consider y(x) = sin x. Then (using the 
sum-of-angles identity) y(x + Ax) = sin(x + Ax) 
= sin x cos Ax + cosx sin Ax. Since Ax becomes 
very small, however, we may use the series expan- 
sions for sin Ax ~ Ax and cos Ax ~ 1. Therefore, 


dy/dx = lim [sinx + (Ax) cosx — sin x]/Ax 
Ax+0 


= cos x 


the sought-for derivative of sin x. 

Proceeding in just this fashion, you may verify 
the following useful formulas for derivatives 
[where a and n are constants and u = u(x) and 
v = u(x)]: 


da/dx = 0 dx/dx = 1 
| d(au)/dx = a(du/dx) 
d(u + v)/dx = (du/dx) + (dv/dx) 
d(uv)/dx = u(dv/dx) 
+ v(du/dx) 
d(u")/dx = nu""(du/dx) 
d(sin u)/dx = cos u(du/dx) 
d(cos u)/dx = —sin u(du/dx) 
d(tan u)/dx = sec? u(du/dx) 
ee Yidx = a“(In a)(du/dx) 
d(e“)/idx = e“(du/dx) 
d(In u)/dx = (1/u)(du/dx) 


Definitions 
Linearity 


“Chain rule” 


Powers 


Trigonometric 


Exponential 


Logarithmic 


For example, here are the steps in finding 
d(x sin x)?/dx: 


1. Note that this is in the form of d(u”)/dx: 
d/dx(x sin x)* = 2(x sin x)\(d/dx)(x sin x) 
2. Apply the chain rule: 
= 2(x sin x){x[d(sin x)/dx] + sin x(dx/dx)} 
3. Note that dx/dx = 1 and d(sin x)/dx = cos x: 
= 2(x sinx\(x cosx + sin x) 
4. Expanding: 


2 


= 2x? sinx cosx + 2x sin? x 


0 
Figure A-14 


[Note that the derivative of a vector is defined in 
terms of the derivatives of its components: 
da/dx = (da,/dx, day/dx, da,/dx).] 


@ Integrals 


The integral of the function y(x) may be either in- 
definite or definite. The indefinite integral, denoted 
by J y(x) dx, is to be thought of as “that function 
of x whose derivative is y(x).” Hence it is clear that 
J cos x dx = sin x, since d(sin x)/dx = cos x. There- 
fore, the indefinite integral is the antiderivative, in 
the sense that f [dy(x)/dx] dx = y(x). 

The definite integral, denoted by J y(x) dx, is the 
net area under the curve y(x) between x = a and 
x = b (Figure A-14). If we have y(x) = df(x)/dx, 
then by definition it follows that 
b 


b b 
| y(x) dx = i (affdx) dx = fo 
= fib) — fla) 


In general, indefinite integrals are found by 
trial and error, but we can tabulate some useful 
known results (see the preceding list of deriva- 
tives): 


ja 
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Linearity 


“By parts” 


xt /(n +1) 
(except for n 


Powers 


Trigonometric 


[cosa dx 
i sec? x dx 


e'* dx =e™/a 


Exponential 


((dy/dx)/y(x)]dx = In y(x) 
i (1/x)dx = In x 


Logarithmic 


For a vastly more extensive tabulation, look in any 
standard table of integrals. 

We may illustrate the usefulness of this brief 
table of integrals by considering f (sin? x) cos x dx. 
Let u = sin x; then du = cos x dx and our integral 
is f u2 du = u3/3. Substituting back in for u = 
sin x, we have the answer: (1/3) sin? x. If this had 
been the definite integral, f 8/2 (sin? x) cos x dx, we 
would find 


a/2 
i (sin? x) cos x dx = [(1/3) sin? x]g/? 
8 = (1/3)[sin? (7/2) — sin? (0)] 
= SE 0" ie 21/8 
[Note that the integral of a vector is another vec- 


tor, defined in terms of the components Jfadx= 
S (a,(x), ay(x), a2(x)) dx = (Sf a, dx, f ay dx, S az dx).] 
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MENSURATION FORMULAS 


Such things as lengths, areas, and volumes are 
given by mensuration formulas; a typical example is 
the area of a circle of radius R: A = mR. In Section 
A9-8(A), we show how to derive these formulas 
using the integral calculus; those interested only 
in the answers should proceed at once to Section 
A9-8(b). 


Multiple Integrals 


At a given point in a coordinate system, we make 
infinitesimal changes in the three coordinates and 
define (a) infinitesimal lengths, (b) infinitesimal 
surface areas, and (c) infinitesimal volumes. By ap- 
propriately summing (that is, integrating) these, we 
obtain finite lengths, areas, and volumes. In gen- 
eral, we will be dealing with multiple integrals. 

In rectangular Cartesian coordinates (x, y, Z), 
the infinitesimal extensions are (dx, dy, dz). The dis- 
tance along the x-axis from x = 0 tox = L is then 
just [f§ dx = x]} = L. The infinitesimal surface 
areas are dx dy [in the xy plane at (x, y, z)L dy dz, 
and dz dx. Therefore, the area in the xy plane 
bounded between 0 = x =L and 0=y = W is 
Sh dx Sf dy = x[ky]§” = LW. Finally, at (x, y, 2), 
the infinitesimal volume is dx dy dz. The volume of 
a rectangular parallelopiped of dimensions L X 
W X His clearly fi dx fl’ dy fH dz = LWH. 


In cylindrical polar coordinates, the elementary 
lengths are (dp, p dd, dz), the elementary areas are 
(p dp dd, p dd dz, and dp dz), and the elementary 
volume is p dp d¢ dz. Therefore, the circumference 
of a circle of radius p=R is f§™R dd = 
R f§" db = Rd]§" = 27K; the area of this circle is 
S§ p dp JR” db = (1/2)p7]8G)§" = (R?/2)(2m) = 
mR?; and the volume of a right cylinder (of radius 
p = Rand height z = H) is S& p dp J§" db SH dz = 
aR? ff dz = wR?H. 

In spherical coordinates, the basic lengths are 
(dr, r dO, r sin 6 dd), the basic areas are (r dr dQ, r* 
sin 0d6 dd, and r dr sin 6 dd), and the basic volume 
element is r* dr sin 0 d@ dd. Therefore, the surface 
area of a sphere of radius r = R is J R* sin 6 d@ 
JGUd = 27R2 f[Fsin 6 dd = 27R2[-cos OF = 4nR2, 
and the volume is fk r? dr JG sin 6 do f%" db = 
[(1/3)P7]8[—cos O]F [$]8" = 47R*/3. 

A final example illustrates how these tech- 
niques are extended to more complex cases. Sup- 
pose that we want to know the surface area of a 
sphere of radius r = R in the range 0 = 0 = @p. 
The appropriate multiple integral is R? [§° sin 6 do 
S§" db = 2nR2[—-cos ]§° = 27R2(1 — cos 6y). Note 
that the area is 27R* when 6) = 7/2 (half the 
sphere’s surface) and 47R? when 4 = 7 (the entire 
surface), as should be the case. 


@ Useful Mensuration Formulas 


Using methods similar to those shown in Section 
A9-8(A), it is relatively straightforward to verify 
the following handy formulas: 


A9-8 Mensuration Formulas 


Planar 
Arbitrary Triangle 
Area = (1/2)(base length) X (vertical height) 


> oor>r7 Cs here ss = (12)(a + b + c) and 
= Vals — as — bXs — ¢) lee ore a ec a, : fa 
Parallelogram and Rhombus 
Area = (base length) X (vertical height) 
Trapezoid 


& : ; where a and D are the 
Area = (1/2)(a + b) X (vertical height) fee of top and bottom 
Circle 


Circumference = 27 (radius) = 7(diameter) 

Area = 7(radius)* = (a/4)(diameter)? 

Area of segment = (1/2)(radius)*(9 — sin 6) Reese 6 is the central 
Area of sector = (1/2)(radius)*6 angle in radians 


Area of thin annulus = 27R(AR) egret ice 


Ellipse 
Area = arab (a = semimajor axis, b = semiminor axis) 
Solid 
Rectangular Parallelopiped 
Volume = abc (the sides have lengths a, b, c) 
Pyramid and Cone 
Volume = (1/3)(base area) X (vertical height) 
Right Cylinder 
Volume = 7R?H (R = radius, H = height) 
Sphere 
Surface area = 4z(radius)* = (diameter)? 
Volume = (477/3)(radius)? = (a/6)(diameter)? 
Surface area of segment = 27(radius) < (height of segment) 
Volume of segment = (7/3)(height)? x (3 radius — height) 
Ellipsoid : 


_ where 4a, b, c are the lengths 
Nolumes serie yale ee the three semiaxes 
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To map the sky, we assign locations to each of the 
celestial phenomena we study. We specify the 
three-dimensional spatial position of an event by 
its Cartesian (rectangular), polar, and spherical co- 
ordinates. Because angular positions are our pri- 
mary interest in positional astronomy, we discuss 
almost exclusively spherical coordinate systems. On 
the surface of a sphere, the circumference and ra- 
dius of a circle are not related by 27 and the sum 
of the interior angles of a triangle is always greater 
than 180°. Hence, the familiar planar geometry and 
trigonometry are not applicable; they must be re- 
placed with spherical geometry and trigonometry, 
for which the most important formulas are given 
in Appendix 9. 

To begin, consider the surface of a sphere of 
arbitrary radius. Any plane passing through the 
center of the sphere intersects the surface in a great 
circle. We select one plane—usually the one per- 
pendicular to an axis of rotation—and designate its 
great circle the primary circle. All great circles inter- 
secting the primary circle perpendicularly are 
called secondary circles; all the secondary circles 
meet at only two points, the poles. We define one 
intersection point of the primary circle and a given 
secondary circle (the reference circle) as the point of 
origin. A coordinate system may now be set up on 
the spherical surface as follows: the position of a 
point A is specified by (1) the angular distance in 
a conventional direction along the primary circle 
from the point of origin to the point of intersection 
closest to A of the secondary circle passing through 
A and (2) the shortest angular distance along this 
secondary circle from the primary circle to point A. 
Before proceeding to celestial coordinates, let us il- 
lustrate these ideas using the surface of the Earth. 
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The Celestial Sphere 


LONGITUDE AND LATITUDE ON THE 
EARTH 


Figure A-15 shows the familiar longitude-latitude 
system of terrestrial coordinates. The equator is the 
primary circle, defined by the central plane per- 
pendicular to the Earth’s axis of rotation; the rota- 
tional axis intersects the surface of the Earth at the 
north and south poles. Secondary circles pass 
through the poles, and each semicircle terminating 
at both poles is termed a meridian. The reference 
semicircle, the prime meridian, passes through 
Greenwich, England, and meets the equator at the 


North Pole 


Parallel of 
Latitude 


Equator 


South Pole 


Figure A-15 


point of origin (0° longitude). Longitude is the short- 
est angular distance along the equator from the 
prime meridian to a given meridian; it is measured 
eastward or westward from 0° to 180°. The Inter- 
national Date Line is located essentially at longi- 
tude 180°E (or W). Latitude is the angular distance 
north or south from the equator, measured along a 
meridian in degrees from 0° (the equator) to 90° 
(the poles). Notice that planes parallel to the equa- 
tor slice the Earth’s surface in small circles—the 
parallels of latitude. Some examples of approximate 
locations specified by this system are New York 
City (73°58'W, 40°40’N) and Sydney, Australia 
(151°17'E, 33°55’S). 


THE HORIZON SYSTEM 


Primary observations are clearly location-depen- 
dent, and so let us outline the observer-based ho- 
rizon, or azimuth-altitude, system of coordinates. On 
the celestial sphere, we construct a spherical coor- 
dinate system with the observer at its center (Fig- 
ure A-16). The point vertically overhead is termed 
the zenith, and the opposite point (directly under- 
foot) is the nadir. Together these two points define 
an axis. The plane passing through the observer 
perpendicular to this axis meets the sky at the ce- 
lestial horizon, which is everywhere 90° distance 
from both zenith and nadir. Because of natural and 
artificial obstructions, the actual horizon is seldom 
the celestial horizon; the closest approximation oc- 
curs for a sea-level observer in the middle of a calm 


Zenith 


Zenith 
Distance 


Altitude 


imuth 
Aa 


Nadir 


Figure A-16 
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ocean. Planes parallel to the axis and passing 
through the observer cut the celestial sphere in 
great circles called vertical circles. The reference cir- 
cle is that vertical circle which includes the ob- 
server's zenith and the north and south points on 
her or his horizon—this circle we designate the ob- 
server's celestial meridian. The north point on the 
horizon is the point of origin, and east and west lie 
on the horizon midway between the north and 
south points. 

The position of a celestial phenomenon is spec- 
ified in the horizon system by giving its instanta- 
neous azimuth and altitude. Azimuth is the angular 
distance along the horizon measured eastward 
from the north point to the foot of the vertical circle 
containing the phenomenon; the foot closest to the 
phenomenon is the one intended, and the azimuth 
ranges from 0° to 360°. Altitude is the shortest an- 
gular distance upward along this vertical circle 
from the horizon to the phenomenon, and it ranges 
from 0° (the horizon) to 90° (the zenith). The com- 
plement of a body’s altitude is its zenith distance (90° 
minus the altitude). Two events on the observer's 
celestial meridian are of particular interest: A ce- 
lestial body is said to be in upper transit when it 
crosses the celestial meridian moving westward 
and in lower transit when it crosses moving east- 
ward. In the cases of meteors and artificial satel- 
lites, which may rise in the west and set in the east, 
another criterion for upper transit is necessary: 
Usually upper transit is that crossing of the celestial 
meridian visible to the observer. 


CELESTIAL EQUATORIAL COORDINATES 


We come now to the most important astronomical 
coordinate system—the celestial equatorial system. 
Recall that the celestial sphere is centered upon the 
Earth’s center and that its radius is indefinitely 
large. This last stipulation follows because we in- 
tend to map the entire sky onto the surface of this 
sphere and because the lines of sight to any star 
(other than our Sun) are essentially perfectly par- 
allel for any two Earth-bound observers. There are 
many ways to project a spherical coordinate system 
onto the interior surface of the celestial sphere; the 
Earth’s rotation is the basis of the present method. 
Though much of the terminology is different, the 
celestial equatorial coordinate system is almost 
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completely analogous to terrestrial longitude and 
latitude. 

To a given observer, the apparent rotation of 
the celestial sphere causes all stars to circumnavi- 
gate the heavens once each day; hence, the azimuth 
and altitude of each star are constantly changing 
with time. By transforming to a spherical coordi- 
nate system that rotates with the celestial sphere— 
the celestial equatorial system—we can obtain po- 
sitions that are fixed to an accuracy of one part in 
104 per year. The chief cause of the remaining var- 
iations is the Earth’s precession, which results in 
the westward precession of the equinoxes by about 
50” per year. 

Visualize a stationary celestial sphere at the 
center of which the Earth rotates eastward upon its 
axis once each day. Imagine halting the Earth’s ro- 
tation and projecting the terrestrial longitude- 
latitude coordinate mesh onto the surface of the 
celestial sphere, so that the Earth’s equatorial plane 
cuts the celestial sphere in the great circle of the 
celestial equator and extending the Earth’s rotational 
axis so that it intersects the sphere at the north and 
south celestial poles (Figure A-17). Meridians of lon- 
gitude are mapped into hour circles on the celestial 
sphere, and parallels of latitude appear as small 
circles concentric to the poles. If we now permit the 
Earth to resume its rotation, this celestial equatorial 
coordinate mesh fixed to the celestial sphere ap- 
pears, to any observer on the Earth’s surface, to 
rotate westward as an entity once each day. 


North Celestial Pole 


pa 
<* [cetestd > 


South Celestial Pole 
Figure A-17 


In the celestial equatorial coordinate system, 
the celestial equator is the primary circle and the 
hour circles are the secondary circles. The position 
of a celestial body is specified by its declination 
(DEC or 6) and its right ascension (RA or a). Dec- 
lination, the analog of terrestrial latitude, is the 
smallest angular distance (measured in degrees, 
minutes, and seconds of arc) from the celestial 
equator to the body along the hour circle passing 
through the body. Positions between the celestial 
equator and the north celestial pole have positive 
declination by convention, and those between the 
celestial equator and the south celestial pole have 
negative declination; hence, declination ranges 
from 0° (the celestial equator) to 90° (the north ce- 
lestial pole) or —90° (the south celestial pole). Right 
ascension, the analog of terrestrial longitude, is the 
angular distance (measured in hours, minutes, and 
seconds of time, or '™S) eastward along the celestial 
equator from the prime hour circle (see the follow- 
ing discussion) to the hour circle containing the 
body. Right ascension ranges from 0*0™0* to 
23'59™59S, To understand how the time units of 
right ascension come about, consider the prime 
hour circle to exactly coincide with an observer's 
local celestial meridian. Since the Earth rotates 
through 360° in 24h, the observer's celestial merid- 
ian will lie 15° east of the prime hour circle after 
1h. Therefore, we call this right ascension 1homos. 
a rotation of 1° corresponds to 4 min of time, of 1 
arcmin to 4s of time, and of 1 arcsec to 1/15s of 
time. 

The point of origin of right ascension is the ver- 
nal equinox(‘Y’), historically known as the first point 
of Aries. This origin, fixed on the celestial sphere, 
is defined by the celestial equator and the ecliptic. 


West—> 


Declination (5) 
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Figure A-18 
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SON: nae Ghee Astronomical Coordinate Transformations 
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The ecliptic, the apparent annual path of the Sun in 
the sky, is the great circle where the orbital plane 
of the Earth intersects the celestial sphere. Figure 
A-18 is a map of the celestial sphere showing the 
celestial equator and the sinuous ecliptic. These 
two great circles are inclined at the obliquity angle 
of 23°26.5’ to one another, so that they intersect at 
only two points—the equioxes. As the Sun pro- 
gresses eastward along the ecliptic, it crosses the 
celestial equator moving northward at the vernal 
equinox (spring) and again six months later mov- 
ing southward at the autumnal equinox (fall). By def- 
inition, the right ascension—declination of the ver- 
nal equinox is (0", 0°). 

For observational purposes, we sometimes use 
the celestial equatorial system but take as our ref- 
erence circle the local celestial meridian. Declina- 
tion measures north-south angular positions, 
whereas hour angle tells us how far west of the ce- 
lestial meridian a celestial body is in units of time. 
The hour angle of an astronomical object depends 
both on time and on the observer’s location, being 
0'0™05 at upper transit and 2°30™0S, 2.5 h later. 

Table A10-1 gives the transformation equa- 
tions between the horizon and equatorial systems. 


ECLIPTIC AND GALACTIC 
COORDINATES 


For describing the motions of bodies within the So- 
lar System, the ecliptic coordinate system is extremely 
useful. Here the ecliptic is the primary circle and 
the poles are called the north ecliptic pole (that pole 
closest to the north celestial pole) and the south 


ecliptic pole. Celestial longitude (A) is the angular dis- 
tance (from 0° to 360°) eastward along the ecliptic 
from the vernal equinox (the point of origin). Ce- 
lestial latitude (B) is the angle from the ecliptic, mea- 
sured positively toward the north ecliptic pole and 
negatively toward the south ecliptic pole; it ranges 
from 0° to + 90°. Hence, when the Sun’s center lies 
at the autumnal equinox, its coordinates are 
(A, B) = (180°, 0°). Table A10-1 gives the relations 
between the ecliptic and equatorial systems. 

When we discuss phenomena associated with 
our Galaxy, we find it convenient to employ mod- 
ern galactic coordinates. Here the primary circle is 
defined by the central plane of the Milky Way and 
is called the galactic equator. The center of the Gal- 
axy (in Sagittarius), which lies on the galactic equa- 
tor, is the point of origin. Galactic longitude (1 or 
I!) is measured eastward along the galactic equator 
from the direction to the galactic center and ranges 
from 0° to 360°. As viewed from the north galactic 
pole, galactic longitude increases in the counter- 
clockwise direction. Galactic latitude (b or b") is the 
angle from the galactic equator toward the north 
or south galactic pole and ranges from 0° to + 90°. 
To avoid confusion, it should be noted that prior 
to August 1958, a different system of galactic co- 
ordinates (I!, b!) was in use; we shall have no oc- 
casion to refer to these obsolete coordinates. Table 
A10-1 provides the transformations between the 
galactic and equatorial systems. 

In Figure A-18 we have also indicated the 
poles and equators of the ecliptic and galactic co- 
ordinate systems. There we see that the great circle 
of the galactic equator is inclined 63° to the celestial 
equator. Hence, we already know of three different 
coordinate systems, each of which completely cov- 
ers the celestial sphere. 


GLOSSARY 


aberration of starlight The apparent displace- 
ment in the position of a star that results from 
the finite speed of light and the Earth’s orbital 
speed. 


absolute magnitude A measure of the bright- 
ness a star would have if it were to be placed 
at a standard distance of 10 pc from the Sun. 


absorption The decrease of intensity (or flux) of 
radiation as it passes through a medium. 


absorption (dark) lines Colors missing in a con- 
tinuous spectrum because of the absorption of 
those colors by atoms. 


absorption-line spectrum Dark lines superim- 
posed on a continuous spectrum. 


abundance The relative number of atoms or iso- 
topes in an object or structure. 


acceleration The rate of change of velocity with 
time. 


accretion The colliding and sticking together of 
small particles to make larger masses. 


accretion disk A disk made by infalling material 
around a mass; the conservation of angular 
momentum results in the disk shape. 


achondrite A type of stony meteorite, which 
crystalized from molten rock so that no chon- 
drules formed. 


active galaxies Galaxies characterized by a non- 
thermal spectrum and a large energy output 
compared to a normal galaxy. 


active galaxy nucleus (AGN) The tiny central 
engine (possibly a supermassive black hole) 
that drives the active galaxy phenomenon. 


active regions Areas on the photosphere of the 
Sun (and other stars) where magnetic field 
lines are concentrated; these generate sunspots 
and flares. 


active optics Process of feedback to correct the 
shape of a mirror to maintain a sharp image. 


active region A localized region of the solar 
photosphere with intense magnetic fields. 


acoustic waves Pressure waves in a fluid. 


adaptive optics Feedback process for improving 
optical images to compensate for seeing. 


adiabatic perturbations Waves in the primor- 
dial radiation/matter mixture in which both 
the radiation and matter have small changes in 
amplitude. 


air mass The path length through the Earth’s at- 
mosphere, defined as the secant of the zenith 
angle. 


albedo A measure of an object's reflecting 
power; the ratio of reflected light to incoming 
light for a solid surface, where complete reflec- 
tion gives an albedo of 1. 


Alpha Centauri The closest star to the Sun, a tri- 
ple system; component A happens to have al- 
most the same luminosity and surface tempera- 
ture as the Sun. 


alpha particle A helium nucleus emitted in the 
radioactive decay of heavy elements. 


altitude The angular distance between a celestial 
object and the horizon, measured vertically. 


Andromeda Galaxy (M31) _ The closest spiral 
galaxy to the Milky Way Galaxy at a distance 
of 680 kpc; it has a diameter of about 50 kpc. 


Angstrom (A) A unit of length, equal to 
107° m, often used to measure the wavelength 
of visible light. 


angular diameter The apparent diameter of an 
object in angular measure; the angular separa- 
tion of two points on opposite sides of the 
object. 
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angular distance The apparent angular spacing 
between two objects in the sky. 


angular momentum The tendency for bodies, 
because of their inertia, to keep spinning or 
orbiting. 

angular separation The observed angular dis- 
tance between two celestial objects, measured 
in degrees, minutes, and seconds of angular 
measure. 


angular speed The rate of change of angular 
position of a celestial object viewed in the sky. 


anomalistic month The interval for the Moon to 
orbit from perigee to perigee, equal to 27.55455 
days. 

anorthosite A basaltic mineral composed of cal- 
cium and sodium with aluminum silicate; the 
predominant mineral of the lunar highlands. 


antapex The direction in the sky from which 
the Sun appears to be moving relative to local 
stars; located in the constellation Columba. 


antiparticles Subatomic particles that annihilate 
so-called normal particles when they collide; an 
example is the positron, which is the antiparti- 
cle of an electron. 


aperture synthesis Interferometric techniques in 
which an array of radio antennae are used to 
attain high resolutions characteristic of their 
widest spacings. 

apex The direction in the sky toward which the 
Sun appears to be moving relative to local 
stars; located in the constellation Hercules. 


aphelion For a body orbiting the Sun, the point 
on its orbit that is farthest from the Sun. 

Aphrodite Terra A large highland region on 
Venus. 

apogee The point in its orbit where an Earth 
satellite is farthest from the Earth. 

apparent magnitude The brightness of a star 
(or any other celestial object) on the magnitude 
scale as seen from the Earth; an astronomical 
measure of the object’s flux. 


apparent solar time Time measure based on the 
actual daily motion of the Sun. 

arroyo A channel carved in the ground by spo- 
radic water flows. 

asteroid (minor planet) One of several thou- 
sand very small members of the Solar System 


that revolve around the Sun, generally between 
the orbits of Mars and Jupiter. 


asteroidal moons Solar System satellites that re- 
semble asteroids in size, shape, and 
composition. 


asteroid belt The region lying between the or- 
bits of Mars and Jupiter, containing the major- 
ity of asteroids. 


astrometric binary A binary star system in 
which an unseen companion causes cyclic vari- 
ations in the position of the brighter star. 


astronomical unit (AU) The semimajor axis of 
the Earth’s orbit and average distance between 
the Earth and the Sun; 149.6 million km or 8.3 
light minutes. 


astrophysical jets Collimated beams of material 
(usually ions and electrons) expelled from as- 
trophysical objects, such as the nuclei of active 
galaxies. 


atmosphere A gaseous envelope surrounding a 
planet, or the visible layers of a star; also a 
unit of pressure (abbreviated atm) equal to the 
pressure of air at sea level on the Earth’s 
surface. 


atmospheric escape The process by which par- 
ticles at the exosphere with greater than escape 
speed and unhindered by collisions leave a 
planet. 


atmospheric extinction The decrease in light 
caused by passage through the atmosphere by 
absorption and scattering. 


atmospheric reddening Preferential scattering 
of blue light over red by air particles so that an 
object appears redder than it actually is. 


atom The smallest particle of an element that 
exhibits the chemical properties of the element. 

AU Abbreviation for astronomical unit. 

aurora Visible light emission from atmospheric 
atoms and molecules excited by collisions with 
electrons from the magnetosphere. 

axis One of two or more reference lines in a co- 
ordinate system; also, the straight line, through 
the poles, about which a body rotates. 

azimuth The angle around the horizon for a ce- 
lestial object, with north as the zero point. 

Balmer jump or edge The large change in opac- 
ity at 365 nm due to bound-free transitions 


from the second energy level of hydrogen 
atoms. 


Balmer series ‘The set of transitions of electrons 
in a hydrogen atom between the second energy 
level and higher levels; also the set of absorp- 
tion or emission lines corresponding to these 
transitions that lies in the visible part of the 
spectrum, the first of which is the Ha line. 


bandwidth or bandpass The range of frequen- 
cies that a radio receiver (or another electro- 
magnetic sensor) detects at the same time. 


bar A unit of pressure, equal to 10° P. 


barred spirals A subclass of spiral galaxies that 
have a bar across the nuclear region. 


barycenter The center of mass of a system of 
masses moving under their mutual gravitation. 


baryons Half-integral spin particles that are 
composites of 3 quarks. 


basalt An igneous rock, composed of olivine 
and feldspar, that makes up much of the 
Earth’s lower crust. 


basins Large, shallow lowland areas in the 
crusts of terrestrial planets created by asteroi- 
dal impact or plate tectonics. 


beaming (relativistic) The narrowing of radia- 
tion into a cone of high intensity in the direc- 
tion of motion for relativistic particles undergo- 
ing acceleration. 


Becklin-Neugebauer (B-N) object An infrared 
source associated with the Orion Nebula; prob- 
ably a very young, massive star. 


belts Regions of downflow and low pressure in 
the atmosphere of a Jovian planet. 


beta decay A process of radioactive decay in 
which a neutron disintegrates into a proton, an 
electron, and a neutrino. 


beta particle An electron or positron emitted by 
a nucleus in radioactive decay. 


Betelgeuse A red supergiant star with a visual 
luminosity roughly 2 xX 104 times that of the 
Sun. 


Big Bang model A picture of the evolution of 
the Universe that postulates its origin, in an 
event called the Big Bang, from a hot, dense 
state that rapidly expanded to cooler, less 
dense states. 
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Big Crunch Ina Universe with a closed geome- 
try, it ends in a singularity. 


binary-accretion model A model for the origin 
of the Moon in which the Moon and Earth 
form by accretion of material from the same 
cloud of gas and dust. 


binary galaxies Two galaxies bound by gravity 
and orbiting a common center of mass. 


binary stars Two stars bound together by grav- 
ity that revolve around a common center of 
mass. 


binary X-ray sources A binary system contain- 
ing an X-ray emitter, which is usually a col- 
lapsed object surrounded by a hot accretion 
disk giving off X-rays; fall into two general 
classes: high mass and low mass, depending 
on the mass of their companion. 


bipolar outflows High-speed outflows of gas in 
opposite directions from a young stellar object; 
probably the result of a magnetized accretion 
disk around the object. 


blackbody A (hypothetical) perfect radiator of 
light that absorbs and re-emits all radiation in- 
cident upon it; its flux depends only on its 
temperature and is described by Planck’s law. 


blackbody spectrum The continuous spectrum 
emitted by a blackbody; the flux at each wave- 
length is given by Planck’s law. 


black dwarf The cold remains of a white dwarf 
after all its thermal energy is exhausted. 


black hole A region of spacetime where a mass 
that has collapsed to such a degree that the es- 
cape speed from its surface is greater than the 
speed of light, so that light is trapped by the 
intense gravitational field. 


BL Lacertae (BL Lac) objects A type of active 
galaxy whose nonthermal emission varies rap- 
idly (one day or so) and is highly polarized. 


blue compact dwarf galaxy Small galaxies that 
are probably undergoing star formation; there 
may be many more dwarfs with primordial gas 
that have not had an episode of star formation. 


blueshift A decrease in the wavelength of the 
radiation emitted by an approaching celestial 
body as a consequence of the Doppler effect; a 
shift toward the short-wavelength (blue) end of 
the spectrum. 
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Bohr model of the atom A simple picture of 
atomic structure in which electrons have well- 
defined orbits about the nucleus of the atom. 


bolometer A detector of infrared radiation, usu- 
ally a small chip of semiconductor material 
cooled to a few kelvins; absorption of infrared 
radiation causes a change in its resistance, 
which can be measured in an electronic circuit. 


bolometric correction The visual magnitude of 
a star minus its bolometric magnitude. 


bolometric luminosity The complete energy 
output per second at all wavelengths of an as- 
tronomical object. 


bolometric magnitude The magnitude of an ob- 
ject measured over all wavelengths of electro- 
magnetic radiation. 


Boltzmann’s constant The number that relates 
pressure and temperature, or kinetic energy 
and temperature in a gas; the gas constant per 
molecule. 


boson A particle with integral spin. 


bound-bound transition A transition of an elec- 
tron between two bound energy states of an 
atom or ion. 


bound-free transition A transition of an elec- 
tron between a bound and an unbound (free) 
state. 


bow shock The boundary of a magnetosphere 
where the solar wind is deflected. 


breccias Rock and mineral fragments cemented 
together; a common part of the lunar surface. 


bremsstrahlung Electromagnetic radiation gen- 
erated when an electron slows down as it 
passes close to an atomic nucleus. 


bright-line spectrum See emission-line spectrum. 
bright nebula See diffuse nebula. 


brightness An ambiguous term, usually mean- 
ing the energy per unit area received from or 
emitted by an object—its flux—but sometimes 
used to refer to an object’s luminosity. 


broad absorption line (BAL) quasars High red- 
shift quasars in which very broad troughs of 
absorption are found. 


broad line region (BLR) The gas immediately 
surrounding an AGN that contributes very 
broad emission line radiation to the galaxy’s 
spectrum. 


brown dwarf A very low mass object (roughly 
0.01 to 0.08M@) of low temperature and lumi- 
nosity that never becomes hot enough in its 
core to ignite thermonuclear reactions. 


bulk motions The motion of large-scale struc- 
tures such as galaxy groups, clusters, or 
superclusters. 


butterfly diagram A graphical representation of 
the change in latitude of sunspots over time. 


C-type asteroids Dark asteroids with low albe- 
dos (around 0.04) that have a large percentage 
of carbon; probably made of the same materi- 
als as carbonaceous chrondrite meteorites. 


caldera A large volcanic crater made by collapse 
or explosive eruption. 


canali_ Italian term (meaning channels) used by 
Giovanni Schiaparelli to describe dark linear 
features seen on the surface of Mars. 


capture model A model of the moon’s origin— 
proposed about 1955—that pictures the Moon 
as captured by the Earth’s gravity, after which 
it spiraled in toward the Earth, reversed orbital 
direction, and spiraled outward. 


carbonaceous chondrites A class of meteorites 
that contain chondrules imbedded in a material 
with a large percentage of carbon (about 4%). 


carbon-nitrogen—oxygen (CNO) cycle A series 
of thermonuclear reactions taking place in a 
star’s core, in which carbon, nitrogen, and oxy- 
gen aid the fusion of hydrogen into helium, it 
is a secondary energy-production process in 
the Sun, but the major process in high-mass, 
main-sequence stars. 


Cassegrain reflector A design of a reflecting 
telescope where the secondary mirror directs 
the beam to a focus through a hole in the cen- 
ter of the primary mirror. 


Cassini’s division A gap about 2000 km wide in 
Saturn’s rings, discovered in 1675 by Giovanni 
Cassini; now known to contain many small 
ringlets. 


cataclysmic variable A variable star whose lu- 
minosity suddenly increases. 


catastrophic models Models for the origin of 
the Solar System in which an improbable event 
involving a large mass (usually collision with 
another star) led to the collection of gaseous 
materials that became the planets. 


causally connected A description of events in 
spacetime that can be affected by a given event; 
all those events within the light cone of a 
given event are causally connected to it. 


cD galaxies See supergiant elliptical galaxies. 


celestial coordinates Any system of coordinates 
that defines positions on the celestial sphere. 


celestial equator An imaginary projection of the 
Earth’s equator onto the celestial sphere; decli- 
nation is zero along the celestial equator. 


celestial pole An imaginary projection of the 
Earth’s pole onto the celestial sphere; a point 
about which the apparent daily rotation of the 
stars takes place. 


celestial sphere An imaginary sphere of very 
large radius centered on the Earth on which 
the celestial bodies appear fastened and against 
which their motions are charted. 


Centaurus X-3 A high-mass binary X-ray source 
in the constellation Centaurus; contains a low- 
mass neutron star (the X-ray source) orbiting a 
blue giant star. 


center of mass The balance point of a set of in- 
teracting or connected bodies. 


central force A force directed along a line con- 
necting the centers of two objects. 


centripetal acceleration The acceleration of a 
body toward the center of a circular path. 


centripetal force A force required to divert a 
body from a straight path into a curved one, 
directed toward the center of the curve. 


cepheid variables (cepheids) Stars that vary in 
brightness as a result of a regular variation in 
size and temperature; a class of variable stars 
for which the star Delta Cephei is the 
prototype. 


Ceres The first observed asteroid, discovered by 
Father Giuseppe Piazzi in 1801. 


Chandrasekhar limit The maximum amount of 
mass for a white dwarf star, about 14Mo; this 
amount leads to the highest density and small- 
est radius for a star made of a degenerate elec- 
tron gas; more than this and the star collapse 
gravitationally. 


charge-coupled device (CCD) A small chip of 
semiconductor material that emits electrons 
when it absorbs light; the electrons are trapped 
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in small regions called pixels; the pattern of 
charges is read out in a way to preserve the 
image striking the chip. 

Charon Satellite of Pluto, with a diameter of 
about 1200 km. 


chemical condensation sequence The sequence 
of chemical reactions and condensation of sol- 
ids that occur in a low-density gas as it cools 
at specific pressures and temperatures. 


chondrite A stony meteorite characterized by 
the presence of small, round silicate granules 
(chondrules). 


chondrules Round silicate granules lacking vol- 
atile elements; found in chondritic meteorites, 
or chondrites, they are believed to be primitive 
Solar System materials. 


chromosphere The part of the Sun’s atmo- 
sphere just above the photosphere; hotter and 
less dense than the photosphere; it creates the 
flash spectrum seen during eclipses. 


circular velocity The speed at which an object 
must travel to maintain uniform circular mo- 
tion around a gravitating body. 


circumpolar stars For an observer north of the 
equator, those stars that are continually above 
the northern horizon and never set; for a 
southern observer, those stars that never set 
below the southern horizon. 


circumstellar matter Gas and/or dust sur- 
rounding a star. 


closed geometry See spherical geometry. 
CNO cycle See carbon-nitrogen-oxygen cycle. 


collisional de-excitation Loss of energy by an 
electron of an atom in a collision so that the 
electron drops to a lower energy level. 


collisional excitation Forcing an electron of an 
atom to a higher energy level by a collision. 


color excess The difference between the actual 
color (of a star) and its observed color; usually 
redder because of interstellar dust along the 
line-of-sight. 

color index The difference in the magnitudes of 
an object measured at two different wave- 
lengths; a measure of the color and hence the 
temperature of a star. 


color-magnitude diagram An H-R diagram us- 
ing color (usually B-V) on the x-axis. 
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color temperature Temperature inferred from 
color, usually by fitting a Planck function to 
the continuous spectrum of a star at two 
wavelengths. 


coma_ The bright, visible head of a comet. 


comets Bodies of small mass that revolve 
around the Sun, usually in highly elliptical or- 
bits, and consist, in the dirty-snowball model, 
of small, solid particles of rocky material im- 
bedded in frozen gases. 


comoving coordinates Coordinate systems in 
which the expansion of the Universe is seen 
not in a change of coordinates but in the time 
variability of the scale factor. 


compact radio galaxies Active galaxies that 
have a small, strong radio source in their 
nuclei. 


compound A substance composed of the atoms 
of two or more elements bound together by 
chemical forces. 


Compton scattering An interaction between 
electrons and high-energy photons (whose en- 
ergies are comparable to or larger than the 
electron rest mass energy) in which the photon 
energies are redistributed. 


condensation The growth of small particles by 
the sticking together of atoms and molecules. 


conduction ‘Transfer of thermal energy by parti- 
cles colliding into one another. 


conic section The classical geometrical con- 
structs (point, line, circle, ellipse, parabola, and 
hyperbola) obtained by the intersection of a 
plane and a cone. 


conjunction The time at which two celestial ob- 
jects appear closest together in the sky. 


conservation of angular momentum The prin- 
ciple stating that, with no torques, the total an- 
gular momentum of an isolated system is 
constant. 


conservation of energy A fundamental princi- 
ple in physics that states that the total energy 
of an isolated system remains constant regard- 
less of whatever internal changes may occur. 


conservation of magnetic flux The physical 
principle stating that, under certain circum- 
stances, the number of magnetic field lines 
passing through an area remains constant. 


conservation of momentum The physical prin- 
ciple stating that, with no outside net forces, 
the total momentum of an isolated system is 
constant. 


conservative force Forces such as gravity and 
electromagnetism in which the work done de- 
pends only on the initial and final positions 
(not on the path); potential energy can be de- 
fined only for such forces. 


constellation An apparent arrangement of stars 
on the celestial sphere, usually named after an- 
cient gods, heroes, animals, or mythological be- 
ings; now an agreed-upon region of the sky 
containing a group of stars. _ 


contact binary A binary system in which the 
two stars are in contact via their Roche lobes 
or share a common envelope. 


continental drift The model wherein the pres- 
ent continents were at one time a joined land- 
mass that fragmented and drifted apart. 


continuous spectrum A spectrum showing 
emission at all wavelengths, unbroken by ei- 
ther absorption lines or emission lines. 


contour map A diagram showing how the in- 
tensity of some kind of radiation varies over a 
region of the sky; lines on such a map connect 
points of equal intensity; closely spaced lines 
mean that the intensity changes rapidly over a 
small distance, whereas widely spaced lines 
mean it changes more slowly. 


convection The transfer of energy by the mov- 
ing currents of a fluid. 


coplanar Lying in the same plane. 


core (of the Earth) The central region of the 
Earth; it has a high density, is in part liquid, 
and is believed to be composed of iron and 
iron alloys. 


core (of the Galaxy) The inner few parsecs of 
the nucleus, which contains a small, nonther- 
mal radio source and fast-moving clouds of 
ionized gas. 


core (of the Sun) The inner 25% of the Sun’s 
radius, where the temperature is great enough 
for thermonuclear reactions to take place. 


core-mantle grains Interstellar dust particles 
with cores of dense materials (such as silicates) 
surrounded by a mantle of icy materials (such 
as water). 


Coriolis acceleration A fictitious twisting accel- 
eration caused by the noninertial character of a 
reference frame. 


corona The outermost region of the Sun’s atmo- 
sphere, consisting of thin, ionized gases at a 
temperature of about 10° K. 

coronal holes Regions in the Sun’s corona that 
lack a concentration of high-temperature 
plasma; here magnetic field lines extend out 
into interplanetary space and mark the source 
of the solar wind. 


coronal interstellar gas High-temperature inter- 
stellar plasma made visible by its X-ray 
emission. 

Cosmic Background Explorer (COBE) A satellite 
launched in 1989 to measure the spectrum and 
intensity distribution of the microwave back- 
ground radiation. 

cosmic blackbody microwave radiation Radi- 
ation with a blackbody spectrum at a tempera- 
ture of about 2.7 K permeating the Universe; 
believed to be the remains of the primeval fire- 
ball in which the Universe was created. 


cosmic nucleosynthesis The production of the 
lightest few nuclei during the first 100s of the 
Big Bang. 

cosmic rays Charged atomic particles moving in 
space with very high energies (the particles 
travel close to the speed of light); most origi- 
nate beyond the Solar System, but some of low 
energy are produced in solar flares. 


cosmological principle The statement that the 
Universe, averaged over a large enough vol- 
ume, appears the same from any location. 


cosmology The study of the nature and evolu- 
tion of the physical universe. 


cosmos The Universe considered as an orderly 
and harmonious system. 


Crab Nebula (M1) A supernova remnant, lo- 
cated in the constellation Taurus, produced by 
the supernova explosion visible from Earth in 
A.D. 1054; a pulsar in the nebula marks the 
neutron-star corpse of the exploded star. 


crater A circular depression of any size, usually 
caused by the impact of a solid body or by a 
surface eruption. 

cratered terrain Landscape with an abundance 
of craters, which implies that it is old and 
unevolved. 
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crescent The phase of a moon or planet when it 
has less than half of its visible surface 
illuminated. 


critical density In cosmology, the density that 
marks the transition from an open to a closed 
universe; the density that provides enough 
gravity to just bring the expansion to a stop af- 
ter infinite time. 


crossing time In a cluster of galaxies, the size of 
the cluster compared to the average random 
velocities of galaxies in the cluster, which gives 
a measure of how long a galaxy would take to 
drift across the cluster. 


cross product The product of two vectors in 
which the result is a vector whose direction is 
perpendicular to the two original vectors. 


crust The thin, outermost surface layer of a 
planet; on the Earth, it is composed of basaltic 
and granitic rocks. 


curl A vector operation on a vector field de- 
scribing the vorticity of the field. 


cyclone Spiral flows in a planet’s atmosphere 
produced by the planet’s rotation. 


cyclotron frequency The frequency of radiation 
and helical motion for charged nonrelativistic 
particles moving in a magnetic field. 


cyclotron radiation The electromagnetic radia- 
tion produced by charged nonrelativistic parti- 
cles moving in a magnetic field. 


Cygnus arm _ A segment of one of the spiral 
arms in the outer part of our Galaxy, about 14 
kpc from the center. 


Cygnus X-1_ Binary X-ray source in the constel- 
lation Cygnus; it contains a probable black hole 
orbiting a blue supergiant star. 


dark cloud An interstellar cloud of gas and dust 
that contains enough dust to blot out the light 
of stars behind it (as seen from the Earth). 


dark-line spectrum See absorption-line spectrum. 


dark matter The probable dominant form of 
matter in the Universe; it may be nonbaryonic 
and does not form stars or galaxies—hence is 
dark. 

declination The north-south coordinate on the 
celestial sphere, analogous to latitude, mea- 
sured from the celestial equator. 

decoupling ‘The time in the Universe’s history, 
about 300,000 years after time “zero,” when the 


G-8 Glossary 


density became low enough so that matter and 
light stopped interacting. 


deferent An ancient geometric device used to 
account for the apparent eastward motion of 
the planets; a large circle, usually centered on 
the Earth, that carries around a planet’s 
epicycle. 

degenerate electron gas_ An ionized gas in 
which nuclei and electrons are packed together 
as much as possible, filling all possible low-en- 
ergy states, so that the perfect-gas law relating 
pressure, temperature, and density no longer 
applies. 

degenerate gas pressure A force exerted by 
very dense, compacted matter that depends 
mostly on how dense the matter is and very 
little on its temperature. 


degenerate neutron gas Matter made up of 
neutrons packed together as tightly as possible. 


degenerate star A star made of degenerate 
matter. 


Deimos The smaller of the two moons of Mars; 
it has a dark, cratered surface. 


density The amount of mass per volume in an 
object or region of space. 


density-wave model A model for the generation 
of spiral structure in galaxies, which pictures 
density waves (similar to sound waves) plow- 
ing through the interstellar matter and spark- 
ing star formation. 


differential rotation The tendency of a fluid, 
spherical body to rotate faster at the equator 
than at the poles. 

differentiation The gravitational separation of a 
body into layers of different density. 

diffraction Spreading of a light beam by the 
edge of an object. 

diffraction grating Optical device used to dis- 
perse light into spectra. 

diffuse (bright) nebula A cloud of ionized gas, 
mostly hydrogen, with an emission-line 
spectrum. 

dipole field A magnetic field configuration like 
that of a bar magnet, with opposed north and 
south poles. 

directional derivative The rate of change of a 
function along a given unit vector. 


dirty-snowball comet model A model for com- 
ets that pictures the nucleus as a compact solid 
body of frozen materials, mixed with pieces of 
rocky matter, that turns into gases as a comet 
nears the Sun, creating the head and tail. 


disk (of a galaxy) The flattened wheel of stars, 
gas, and dust outside the nucleus of a galaxy. 


dispersion measure The effect that causes 
pulses of radiation at different frequencies 
emitted simultaneously to arrive at different 
times after traversing the interstellar medium. 


distribution function A mathematical descrip- 
tion of the number of particles in a given vol- 
ume of phase space. 


diurnal motion Daily motion of a celestial object 
over a sidereal day. 


divergence A vector operation on a vector field 
that describes the net flux of the field. 


D-lines A pair of dark lines in the yellow region 
of the spectrum, produced by sodium. 


double quasar Two images on the sky of a sin- 
gle quasar, produced by a gravitational lens. 


Doppler broadening An increase in the width 
of a spectral line from the random, internal 
motions of atoms and molecules in the emit- 
ting source. 


Doppler shift A change in the wavelength of 
waves from a source reaching an observer 
when the source and the observer are moving 
with respect to each other along the line-of- 
sight; the wavelength increases (redshift) or de- 
creases (blueshift) according to whether the 
motion is away from or toward the observer. 


dot product The product of two vectors whose 
result is a scalar. 


_ dueteron The nucleus of the heavy isotope of 


hydrogen, which contains a proton and a 
neutron. 


dust tail The part of a comet’s tail containing 
dust particles, pushed out by radiation pres- 
sure from the Sun. 


dwarf galaxy A small elliptical or spheroidal 
galaxy containing no more than a few million 
stars. 


dwarf star A star of relatively low light output 
and relatively small size; a main-sequence star 
of luminosity class V. 


dynamo model A model for the generation of a 
planet's (or star’s) magnetic field by the orga- 
nized circulation of conducting fluids in its 
core. 


eccentric An ancient geometric device used to 
account for nonuniform planetary motion; a 
point offset from the center of circular motion. 


eccentricity The ratio of the distance of a focus 
from the center of an ellipse to its semimajor 
axis. 


eclipse The phenomenon of one body passing in 
front of another, cutting off its light. 


eclipsing binary system Two stars that revolve 
around a common center of mass, the orbits ly- 
ing edge-on to the line-of-sight, so that each 
star periodically passes in front of the other. 

ecliptic From the Earth, the apparent yearly 
path on the celestial sphere of the Sun with re- 


spect to the stars; also, the plane of the Earth’s 
orbit. 


ecliptic coordinates A celestial coordinate sys- 
tem using the ecliptic as the basic reference. 


Eddington luminosity For a given mass of an 
object, the luminosity that would just provide 
sufficient radiation pressure on surrounding 
material to prevent gravity from pulling it in. 


Eddington mass _ For a given luminosity of an 
object, the mass that would produce enough 
gravity to just overcome radiation pressure on 
surrounding material and allow it to fall 
inward. 


effective temperature The temperature a body 
would have if it were a blackbody of the same 
size radiating the same luminosity. 


Einstein Observatory The HEAO-B satellite that 
was capable of imaging X-rays. 

electromagnetic force One of the four forces of 
nature; particles with electromagnetic charge 
either attract or repel each other depending 
upon whether the two charges are opposite or 
identical. 


electromagnetic radiation A self-propagating 
electric and magnetic wave, such as light, ra- 
dio, ultraviolet, or infrared radiation; all types 
travel at the same speed and can be differenti- 
ated by wavelength or frequency. 


electromagnetic spectrum The range of all 
wavelengths of electromagnetic radiation. 
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electron § A lightweight, negatively charged sub- 
atomic particle. 

electroweak force The force that is the unifica- 
tion of the electromagnetic force and the weak 
nuclear force. 

element A substance that is made of atoms 
with the same chemical properties and cannot 


be decomposed chemically into simpler 
substances. 


_ ellipse A plane curve drawn so that the sum of 


the distances from a point on the curve to two 
fixed points is constant. 


elliptical galaxy A gravitationally bound system 
of stars that has rotational symmetry but no 
spiral structure and that contains mainly old 
stars and little gas or dust. 


ellipticity A measure of the shape of a conic sec- 
tion given by the ratio of the semiminor axis to 
the semimajor axis. 


elongation The angular separation of an object 
from the Sun as seen in the sky. 

emission (bright) lines Light of specific wave- 
lengths or colors emitted by atoms; sharp en- 
ergy peaks in a spectrum caused by downward 
electron transitions from a discrete quantum 
state to another discrete state. 

emission-line galaxy Any galaxy with emission 
lines in its spectrum. 

emission-line spectrum A spectrum containing 
only emission lines. 


emission nebula See diffuse nebula; a hot cloud 
of hydrogen gas whose visible spectrum is 
dominated by emission lines. 


empirical Derived from experiment or 
observation. 


energy The ability to do work. 


energy level One of the possible quantum states 
of an atom, with a specific value of energy. 


energy-momentum tensor (aka stress—energy— 
momentum tensor) The tensor that describes 
the energy, including rest mass energy, in rela- 
tivity theory. 

ephemeris (pl., ephemerides) A table that gives 
the positions of celestial objects at various 
times. 


epicycle A small circle whose center lies on a 
larger one (the deferent) used by ancient as- 
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tronomers, such as Ptolemy, to account for the 
westward retrograde motion and other irregu- 
lar motions of the planets. 


equant An ancient geometrical device invented 
by Ptolemy to account for variations in plane- 
tary motion; essentially an eccentric in which 
the center of the circle is not the center of uni- 
form motion. 


equation of state A relationship that describes 
the conditions in a gas, such as an equation re- 
lating the pressure, temperature, and density of 
a gas. 

equation of time The difference between mean 
solar time and apparent solar time. 


equatorial bulge The excess diameter, about 43 
km, of the Earth through its equator compared 
with the diameter through its poles. 


equatorial coordinates A celestial coordinate 
system based on the celestial equator, with 
right ascension measuring the angle around the 
equator (like longitude) and declination mea- 
suring the angle above and below the equator 
(like latitude). 


equilibrium A state of a physical system in 
which there is no overall change. 


equilibrium temperature The final temperature 
achieved by a body when it emits the same en- 
ergy per second that it absorbs. 


equinox Time of year of equal length of day 
and night; the two times of the year when the 
Sun crosses the celestial equator; spring (ver- 
nal) equinox occurs about March 21, and fall 
(autumnal) equinox occurs about September 23. 


equivalent width A measure of the intensity of 
a spectral line when normalized to the contin- 
uum level. 


escape speed The speed a body must achieve to 
break away from the gravity of another body 
and never return to it. 


escape temperature The temperature that parti- 
cles in an atmosphere need in order to escape 
into space with the escape speed. 


ether The presumed medium through which 
light was thought to move before the results of 
the Michelson-Morley experiment. 


Euclidean (flat) geometry Geometry in which 
only one parallel line can be drawn through a 


point near another line; the sum of the angles 
in a triangle drawn on a flat surface is always 
180°. 
event A point in four-dimensional spacetime. 
event horizon See Schwarzschild radius. 


evolutionary track On a temperature-luminos- 
ity diagram, the path made by the points that 
describe how the temperature and luminosity 
of a star changes with time. 


excitation The process of raising an atom to a 
higher energy level. 


exosphere The topmost region of a planet's at- 
mosphere, from which particles in the atmo- 
sphere can escape into space. 

expanding (3-kpc) arm A segment of spiral- 
arm structure encircling the center of our Gal- 
axy at a distance of about 3 kpc; it appears to 
be moving toward us and away from the Gal- 
axy’s center. 


exponential decay A process, such as radioac- 
tive decay, for which the rate of change is di- 
rectly proportional to the quantity present, so 
that the quantity remaining is given by an ex- 
ponential function of time. 


extended radio galaxies Active galaxies that 
show extended radio emission, usually in the 
form of two lobes on either side of the nucleus. 


extinction The dimming of light when it passes 
through some medium, such as the Earth’s at- 
mosphere or interstellar material, by scattering 
and absorption of the beam. 


extragalactic Outside of the Milky Way Galaxy. 


eyepiece A magnifying lens used to view the 
image produced by the main light-gathering 
lens of a telescope. 


- Faber-Jackson relation The correlation between 


a galaxy’s luminosity and the fourth power of 
its internal velocity dispersion. 


Faraday rotation The rotation of the plane of 
polarization of synchrotron radiation as it 
passes through regions of magnetic fields and 
free electrons. 


fermion A particle with half-integral spin. 

fictitious force An apparent force caused not by 
the result of Newton’s second law but by the 
noninertial nature of the observer's frame (e.g., 
Coriolis and centrifugal forces). 


field equations In Einstein’s theory of general 
relativity, the equations that relate the curva- 
ture of spacetime to the distribution of mass/ 
energy. 


filter A device used with a detector to narrow 
its bandpass. 


first dredge-up Convection acting to bring up 
material processed by hydrogen buming to a 
star's surface during its first episode as a red 
giant. 


first quarter The phase of the Moon one-quarter 
of the way around its orbit from new Moon, 
when it looks half illuminated when viewed 
from the Earth. 


fission See nuclear fission. 


fission model The earliest of the major models 
for the origin of the Moon, suggesting that a 
young, rapidly spinning, molten Earth lost a 
piece that spiraled out into orbit and cooled 
down to form the Moon. 


flare A sudden burst of energy in a star’s chro- 
mosphere and corona. See solar flare. 


flare star A dwarf star, of spectral type M, that 
exhibits flares, usually more energetic than the 
Sun’s. 


flash spectrum The spectrum that appears im- 
mediately before the totality of a solar eclipse 
as the normal absorption spectrum is replaced 
briefly by the chromosphere’s own emission 
spectrum. 


flatness problem In the Big Bang model, the 
fact that the geometry of the Universe is flat 


(or very close to it) and remains flat as the 
Universe evolves. 


flocculent galaxies Spiral galaxies that show a 
puffy structure in their disks rather than well- 
defined spiral arms. 


fluorescence The process by which a high-en- 
ergy photon is absorbed by an atom and re- 
emitted as two or more photons of lower 
energy. 


flux The amount of energy flowing through a 
given area in a given time. 


focal length The distance from a lens (or mir- 
ror) to the point where it brings light to a fo- 
cus for a distant object. 
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focus (pl., foci) The point at which light is gath- 
ered in a telescope. 


forbidden line An emission line from an atom 
produced by a transition with a low probabil- 
ity of occurrence. 


forced motion Any motion under the action of 
a net force. 


frame of reference A set of axes with respect to 
which the position or motion of something can 
be described or physical laws can be 
formulated. 


Fraunhofer lines The name given to absorption 
lines in the spectrum of a star, especially the 
Sun. 


free-bound transition A transition of an elec- 
tron between a free energy state and one 
bound to an atom; results in the atom adding 
an electron with the emission of a photon; the 
reverse process is a bound-free transition. 


free-fall Gravitational collapse under the condi- 
tion of no resisting internal pressure caused by 
collisions among the particles. 


free-fall collapse time The time for a cloud to 
collapse gravitationally under free-fall condi- 
tions (no internal pressure); a function only of 
the initial density of the cloud. 


free-free transition A transition of an electron 
between two different free states; if energy is 
lost by the electron, the process is free-free 
emission; if gained, it is free-free absorption. 

frequency The number of waves that pass a 
particular point in some time interval (usually 
a second); usually given in units of hertz, one 
cycle per second. 


full moon The phase of the Moon when it is op- 
posite the Sun in the sky, looking fully illumi- 
nated as seen from the Earth. 


fusion See nuclear fusion. 


galactic cannibalism A model for galaxy inter- 
action where more massive galaxies strip mate- 
rial, by tidal forces, from less massive galaxies. 


galactic center (core) The innermost part of the 
Galaxy’s nuclear bulge. 


galactic (open) cluster A small group, about 
ten to a few hundred, of gravitationally bound 
stars of Population I, found in or near the 
plane of the Galaxy. 
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galactic coordinates A celestial coordinate sys- 
tem based on the plane of the Galaxy for lati- 
tude and the direction to the galactic center as 
the zero-point for measuring longitude. 


galactic equator The great circle along the line 
of the Milky Way, marking the central plane of 
the Galaxy. 


galactic latitude The angular distance north or 
south of the galactic equator. 


galactic longitude The angular distance along 
the galactic equator from a zero point in the 
direction of the galactic center. 


galactic rotation curve A description of how 
fast an object some distance from the center of 
a galaxy revolves around it. 


galaxy A huge assembly of stars (between 10° 
and 10!2), plus gas and dust, that is held to- 
gether by gravity; the Galaxy, our own galaxy, 
containing the Sun. 


Galilean moons The four largest satellites of Ju- 
piter (Io, Europa, Ganymede, Callisto), discov- 
ered by Galileo with his telescope. 


gamma ray A very high-energy photon with a 
wavelength shorter than that of X-rays. 


gamma-ray burster A sudden, intense burst of 
gamma rays, arising from a yet unknown ce- 
lestial source or sources. 


gas tail The part of a comet's tail that consists 
of ions and molecules; it is shaped by its inter- 
action with the solar wind. 


gauss A physical unit measuring magnetic field 
strength (not the SI unit, which is the tesla, but 
commonly used by astronomers). 


general theory of relativity The idea developed 
by Albert Einstein that mass and energy deter- 
mine the geometry of spacetime and that any 
curvature of this spacetime shows itself by 
what we commonly call gravitational forces; 
Einstein’s theory of gravity. 


geocentric Centered on the Earth. 


geodesic The natural path of an object in space- 
time—appearing curved for spacetime regions 
near masses. 


geomagnetic axis The axis that connects the 
Earth’s magnetic poles; it is inclined about 12° 


from the geographic spin axis and does not 
pass through the Earth’s center. 


giant-impact model A scenario for the Moon’s 
origin in which a Mars-size object strikes the 
young Earth with a glancing blow; material 
from the colliding object and the Earth form a 
disk around the Earth out of which the Moon 
accretes. 


giant molecular clouds Large interstellar 
clouds, with sizes up to tens of parsecs and 
containing 100,000Mo of material; found in the 
spiral arms of the Galaxy, giant molecular 
clouds are the sites of massive star formation. 


gibbous The phase of the Moon occurring be- 
tween first quarter and full Moon, when the 
Moon is more than half illuminated as seen 
from the Earth. 


globular cluster A gravitationally bound group 
of about 10° to 10° Population II stars (of 
roughly solar mass), symmetrically shaped, 
found in the halo of the Galaxy. 


globule A small dark cloud of interstellar gas 
and dust, usually seen with bright nebula; pos- 
sible region of star formation. 


glueball A hypothetical particle composed of 
multiple gluons. 


gluon The boson that carries the strong nuclear 
force. 


gradient The vector function of a scalar field 
that describes the maximum rate of change. 


grand design spirals Spiral galaxies that have a 
well-defined spiral arm structure. 


grand unified theories (GUTs) Physical theories 
that attempt to unite the elementary particles 
and the four forces in nature as the actions of 
one particle and one force. 


granite The type of rock making up the conti- 
nental regions of the Earth’s crust. 


granule Brief-lived (3-10 min) bright spots that 
appear as a rough texture on the solar 
photosphere. 


gravitation In Newtonian terms, a force be- 
tween masses that is characterized by their ac- 
celeration toward each other; the size of the 
force depends directly on the product of the 
masses and inversely on the square of the dis- 


tance between them; in Einstein’s terms, the 
curvature of spacetime. 


gravitational bending of light The effect of 
gravity on the usually straight path of a 
photon. 


gravitational collapse The unhindered contrac- 
tion of any mass from its own gravity. 


gravitational field The property of space having 
the potential for producing gravitational force 
on objects within it; characterized by the accel- 
eration of free masses. 


gravitational focusing The directing of the 
paths of small masses by a larger one so that 
their paths cross, which enhances their accre- 
tion onto the larger mass. 


gravitational force The weakest of the four 


forces of nature; all particles with nonzero 
mass attract each other. 


gravitational instability The tendency for a dis- 
turbed region in a gas to undergo gravitational 
collapse. 


gravitational lens The bending effect of a large 
mass on light rays so that they form an image 
of the source of light. 


gravitational mass The mass of an object as de- 
termined by the gravitational force it exerts on 
another object. 


gravitational potential A scalar field whose 
gradient is the gravitational force. 


gravitational potential energy Potential energy 


related to a body’s position in a gravitational 
field. 


gravitational redshift The change to longer 
wavelengths that marks the loss of energy by a 
photon that moves from a stronger to a weaker 
gravitational field. 


graviton The hypothetical particle thought to 
mediate the gravitational force. 

Great Attractor The large supercluster thought 
to be the primary cause of motions of the Local 
Supercluster with respect to the microwave 
background radiation. 

great circle Shortest distance between two 
points on a sphere. 

Great Red Spot A large, long-lived, high-pres- 
sure storm in Jupiter’s atmosphere. 
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greenhouse effect The effect producing an in- 
creased equilibrium temperature at the surface 
of a planet due to the opacity of its atmosphere 
in the infrared, trapping outgoing heat 
radiation. 


ground state The lowest energy level of an 
atom. 


GUTs See grand unified theories. 


HI region A region of neutral hydrogen in in- 
terstellar space. 


H Il region A zone of ionized hydrogen in in- 
terstellar space; it usually forms a bright neb- 
ula around a hot, young star or cluster of hot 
stars. 


Hadley cells Large regions of convective flow in 
the Earth’s atmosphere. 


hadron Any particle composed of quarks; had- 
rons are divided into the baryon and meson 
groups. 


half-life The time required for half of the radio- 
active atoms in a sample to disintegrate. 


Halley’s Comet The periodic comet (orbital pe- 
riod about 76 years) whose orbit was first 
worked out by Edmund Halley from Newton’s 
laws; has a small nucleus (about 10 km diame- 
ter), is dark and irregular in shape, and emits 
jets of gas and dust. 


halo (of a galaxy) The spherical region around 
a galaxy, not including the disk or the nucleus, 
containing globular clusters, some gas, and a 
few stray stars. 


halo star A star in the halo of a galaxy. 


Ha line The first line of the Balmer series, the 
set of transitions in a hydrogen atom between 
the second energy level and levels with higher 
energy; it lies in the red part of the visible 
spectrum. 


H and K lines Strongest lines in the visible from 
Cat, at 393.4 and 396.8 nm. 


head-tail radio galaxy An active galaxy whose 
radio lobes have been swept back to form a tail 
because of interaction with the surrounding 
medium. 


heavy-particle era In the hot Big Bang model, 
the time up to 0.001 s, when gamma rays col- 
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lided to make high-mass particles, such as 
protons. 


heliocentric Centered on the Sun. 


heliocentric parallax An apparent shift in the 
positions of nearby stars (relative to more dis- 
tant ones) from the changing position of the 
Earth in its orbit around the Sun; the size of 
the shift can be used to measure the distances 
to close stars; see trigonometric parallax. 


helioseismology Study of the interior structure 
of the Sun from its natural modes of vibration. 


helium burning Fusion of helium into carbon 
by the triple-alpha process. 


helium flash The rapid burst of energy genera- 
tion with which a star initiates helium burning 
by the triple-alpha process in the degenerate 
core of a low-mass red giant star. 


hertz A physical unit of frequency equal to one 
cycle per second. 

Hertzsprung-Russell (H-R) diagram A graphic 
representation of the classification of stars ac- 
cording to their spectral class (or color or sur- 
face temperature) and luminosity (or absolute 
magnitude); the physical properties of a star 
are correlated with its position on the diagram, 
so a Star’s evolution can be described by its 
change of position on the diagram with time 
(see evolutionary track). 


Higgs boson A predicted but not yet experi- 
mentally verified particle; it may be responsi- 
ble for giving other particles mass and may 
have triggered cosmic inflation. 


high-velocity clouds Clouds of gas associated 
with the Galaxy, moving at speeds of hun- 
dreds of kilometers per second. 


high-velocity stars Stars in the Galaxy with ve- 
locities greater than 60 km/s relative to the 
Sun; they have orbits with high eccentricities, 
often at large angles with respect to the galac- 
tic plane. 


homogeneous Having a consistent and even 
distribution of matter, the same in all parts. 


horizon § The intersection with the sky of a plane 
tangent to the Earth at the location of the 
observer. 


horizon distance In cosmology, the maximum 


distance that light can travel in some epoch of 
the Universe. 


horizon problem In the Big Bang model, the 
problem that arises from the rapid expansion 
of the early Universe so that different regions 
cannot communicate with each other. 


horizontal branch A portion of the Hertzsprung- 
Russell diagram reached by Population II stars 
of low mass after the red giant stage and typi- 
cally found in a globular cluster; it ranges from 
yellow to red stars all having the same lumi- 
nosity (about 100 times that of the Sun). 


hour angle The length of time that has elapsed 
since a celestial object has crossed the local 
meridian. 


H-R diagram A Hertzsprung-Russell diagram. 


Hubble classification Hubble’s classification of 
galaxies by shape (spiral, elliptical, irregular). 


Hubble constant The proportionality constant 
relating velocity and distance in the Hubble 
law; the value, now around 75 km/s/Mpc, 
changes with time as the Universe expands. 


Hubble flow The uniform motion of galaxies 
from the expansion of the Universe. 


Hubble law_ A description of the expansion of 
the Universe, such that the more distant a gal- 
axy lies from us, the faster it is moving away; 
the relation, v = Hd, between the expansion 
velocity v and distance d of a galaxy, where H 
is the Hubble constant. 


Hubble time Numerically the inverse of the 
Hubble constant; it represents, in order of mag- 
nitude, the age of the Universe. 


hydrogen burning Any fusion reaction that 
converts hydrogen (protons) to heavier 
elements. 


hydrogen corona A shell of hydrogen gas 
around the Earth, coming from the atmo- 
spheric escape of hydrogen produced by the 
dissociation of water. 


hydrostatic equilibrium An equilibrium charac- 
terized by the absence of mass motions, when 
pressure balances gravity. 


hyperbola A curve produced by the intersection 
of a plane with a cone; the shape of the orbit 
of a body with more than escape velocity. 


hyperbolic geometry An alternative to Euclid- 
ean geometry, constructed by N.I. Lobachevski 
on the premise that more than one parallel line 


can be drawn through a point near a straight 
line; the sum of the angles of a triangle drawn 
on a hyperbolic surface is always less than 
180°. 

igneous rock Rock formed by the cooling of 
molten lava. 


image Light rays gathered at the focus of a lens 
or mirror in the same relative alignment as the 
real object. 


image processing The computer manipulation 
of digitized images to enhance specific aspects 
of them. 


impact model The idea that craters are formed 
by the impact of solid objects onto a surface. 


inertia The resistance of an object to a force act- 
ing on it because of its mass. 


inertial frame Any system of reference in spe- 
cial relativity that is not accelerated. 


inertial mass Mass determined by subjecting an 
object to a known force (not gravity) and mea- 
suring the acceleration that results. 


inferior conjunction For a planet orbiting inte- 
rior to another, the alignment with the Sun 
when the interior planet lies on the same side 
of the Sun as the outer planet. 


inferior planet Planets whose orbits lie interior 
to that of the Earth’s. 


inflation theory A modification of the Big Bang 
model in which the Universe undergoes a brief 
interval of rapid expansion. 


Infrared Astronomy Satellite (IRAS) A satellite 
that surveyed the sky at wavelengths of 12, 25, 
60, and 100 xm. 


infrared telescope A telescope, optimized for 
use in the infrared part of the spectrum, fitted 
with an infrared detector. 


infrared cirrus Patches of interstellar dust, emit- 
ting infrared radiation, which look like cirrus 
clouds on the images of the sky produced by 
the Infrared Astronomy Satellite. 

infrared galaxy A galaxy that emits most of its 
luminosity in the infrared. 

interacting galaxies Galaxies that move close 
enough together to produce distortions in 
shape by tidal forces. 

intergalactic medium The gas (mostly) and 
dust found between the galaxies. 
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instability strip The region on the H-R diagram 
where cepheid variable stars are found; these 
stars are burning helium in their cores. 


intensity The amount of energy per unit volume 
emitted in a given solid angle in a given fre- 
quency range per unit time. 


interferometer See radio interferometer. 


interplanetary medium The gas and dust be- 
tween the planets. 


interstellar dust Small (micrometers in diame- 
ter), solid particles in the interstellar medium. 


interstellar extinction curve The amount of ex- 
tinction from interstellar dust as a function of 
wavelength. 


interstellar gas Atoms, molecules, and ions in 
the interstellar medium. 


interstellar medium All the gas and dust found 
between stars. 


interstellar molecules The molecules found in 
the interstellar gas, especially in molecular 
clouds. 


inverse beta decay The process in which elec- 
trons and protons are forced together to form 
neutrons and neutrinos; the reverse process of 
neutron decay. 


inverse-square law for light The decrease of the 
flux of light with the inverse square of the dis- 
tance from the source. 


ion An atom that has become electrically 
charged by the gain or loss of one or more 
electrons. 


ionization The process by which an atom loses 
or gains electrons. 


ionized gas _A gas that has been ionized so that 
it contains free electrons and charged ions; a 
plasma if it is electrically neutral overall. 


ionosphere A layer of the Earth’s atmosphere 
ranging from about 100 to 700 km above the 
surface where oxygen and nitrogen are ionized 
by sunlight, producing free electrons. 

ion tail The ionized part of a tail of a comet. 

iron meteorites One of the three main types of 
meteorites, typically made of about 90% iron 
and 9% nickel, with a trace of other elements. 

irregular galaxy A galaxy without spiral struc- 
ture or rotational symmetry, containing mostly 
Population I stars and abundant gas and dust. 
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Ishtar Terra A large upland plateau in the 
northern hemisphere of Venus, bounded on the 
east by Maxwell Montes, a shield volcano. 


isophote A contour of constant intensity in an 
image. 

isothermal perturbation A fluctuation of the 
matter component of the early Universe with 


no accompanying fluctuation of the radiation 
field. 


isotope Atoms with the same number of pro- 
tons but different numbers of neutrons. 


isotropic Having no preferred direction in 
space. 

jansky (Jy) Unit of flux density in radio astron- 
omy; 1 Jy equals 10°76 W/m? Hz. 

Jeans length The minimum size a disturbance 
in a gas must have to result in gravitational 
contraction; it depends on the pressure, tem- 
perature, and density of the medium. 


Jeans mass_ The mass contained in the Jeans 
length; the minimum mass a disturbance must 
have in a gas in order to grow larger by self 
gravitation. 


jet streams Latitudinal, coherent flows at high 
speed in the upper atmosphere of the Earth or 
another planet. 

joule A physical unit of work and energy. 

Jovian planets Planets with physical characteris- 
tics similar to Jupiter: large mass and radius, 
low density, mostly liquid interior. 

Julian date (JD) The successive interval in 
days since noon at Greenwich on January 1, 
4713 B.C. 

K correction A correction to the apparent mag- 
nitude of a galaxy necessitated by its redshift. 

Keplerian motion Orbital motion that follows 
Kepler’s laws. 

Kepler’s laws Kepler’s three laws of planetary 
motion that describe the properties of elliptical 
orbits with an inverse-square force law. 

kiloparsec (kpc) One thousand parsecs. 

kinematic distance In our Galaxy, the distance 
to an object inferred from its Doppler shift and 
direction and the Galaxy’s rotation curve. 

kinetic energy The ability to do work because 
of motion. 


Kirchhoff’s rules Empirical descriptions of the 
physical conditions under which the main 
types of spectra originate. 


Kleinmann-Low Nebula A diffuse dust cloud 
with a temperature of about 70 K near the 
Orion Nebula emitting strongly at far infrared 
wavelengths. 


KREEP A lunar material composed of potassium 
(K), rare-earth elements (REE), and phosphorus 
(P). 

Large Magellanic Cloud (LMC) A small galaxy, 
vaguely spiral in shape, about 50 kpc from the 
Milky Way. 

last quarter The phase of the Moon when it is 
three-quarters of the way around its orbit from 
new Moon, when it looks half-illuminated 
when viewed from the Earth. 


length contraction The relativistic effect in 
which the length of objects in the direction of 
motion appears shorter in moving frames. 


lens A curved piece of glass designed to bring 
light rays to a focus. 


lenticular galaxies Galaxies of Hubble type SO, 
with a disk like a spiral galaxy but with no 
spiral arms and no gas or dust. 


lepton An elementary particle that participates 
in the weak nuclear force (the electron, for 
example). 


lepton era See light-particle era. 


light curve A graph of a star’s changing flux 
with time. 


light echo Reflection of a supernova’s visible 
light burst by nearby interstellar clouds. 


light-gathering power (LGP) The ability of a 
telescope to collect light as measured by the 
area of its objective. 


lighthouse model For a pulsar, a rapidly rotat- 
ing neutron star with a strong magnetic field; 
the rotation provides the pulse period and the 
magnetic field generates the electromagnetic 
radiation. 


light-particle era In the hot Big Bang model, the 
interval from 0.0001 to 4s when gamma rays 
can collide to make low-mass particles, such as 
electrons. 


light rays Imaginary lines in the direction of 
propagation of a light wave. 


lightyear (ly) The distance light travels in a 
year, about 9.5 X 10!2km. 


limb The edge of the visible disk of an astro- 
nomical body. 


limb darkening The apparent darkening of the 
Sun along its edge caused by an optical depth 
effect. 


linear momentum The conserved quantity, 
mass multiplied by velocity. 


line profile The variation of a spectral line’s in- 
tensity as a function of wavelength. 


Local Group A gravitationally bound group of 
about 20 galaxies spanning about 1 Mpc to 
which our Milky Way Galaxy belongs. 


local standard of rest A reference frame cen- 
tered on the Sun for which the average veloc- 
ity of stars near the Sun is zero. 


Local Supercluster The supercluster of galaxies 
in which the Local Group is located; spread 
over 10’ pc, it contains the Virgo and Coma 
clusters. 


local time Apparent solar time or mean solar 
time at a particular location. 


longitudinal wave A sound wave that moves in 
a push-pull motion through solids, liquids, 
and gases with a velocity that depends on the 
density of the medium. 


long-period comets Comets with orbital peri- 
ods greater than 200 years. 


long-period variables Variable stars, usually ir- 
regular in cycles, with periods between about 
100 and 1000 days. 


low-ionization nuclear emission region 
(LINER) A type of emission-line galaxy that 
may be the lowest level of activity of AGN 
galaxies. 


low-velocity stars Stars with close to circular or- 
bits in the plane of the Galaxy; they travel at 
less than 60 km/s with respect to the Sun. 


luminosity The total rate at which radiative en- 
ergy is given off by a celestial body, over all 
wavelengths; the Sun’s luminosity is about 4 x 
1076 W. 


Glossary G-17 


luminosity class The categorization of stars that 
have the same surface temperatures but differ- 
ent sizes, resulting in different luminosities; 
based on the widths of dark lines in a star’s 
spectrum, giant stars having narrower lines 
than dwarf stars. 


luminosity function (of galaxies) The number 
of galaxies per unit volume as a function of 
their luminosity. 


luminosity function (of stars) The number of 
stars in a region of the Galaxy as a function of 
their luminosity. 


lunar eclipse The cutoff of sunlight from the 
Moon, when the Moon lies on the line between 
the Earth and Sun so that it passes through the 
Earth’s shadow; a lunar eclipse can occur only 
at full Moon, only at those times of the year 
when the full Moon lies very close to the eclip- 
tic plane. 

lunar occultations The passage of the Moon in 
front of a star or planet. 


lunar soil The fine particles created by the bom- 
bardment of the lunar surface by meteorites 
that, with larger rock fragments, compose the 
lunar soil. 


Lyman-alpha forest In the spectra of high- 
redshift quasars, the closely spaced absorption 
lines, principally Lyman-alpha, from hydrogen 
clouds along the line-of-sight. 


Lyman-alpha line First line of the Lyman series. 


Lyman series All transitions in a hydrogen atom 
to and from the lowest energy level; they in- 
volve large energy changes, corresponding to 
wavelengths in the ultraviolet part of the spec- 
trum; also, the set of absorption or emission 
lines corresponding to these transitions. 


Mach number The ratio of an object’s speed in 
a medium to the speed of sound in that 
medium. 


MACHO (MAssive Compact Halo Object) 
Hypothesized small objects such as white 
dwarfs, neutron stars, or planets that might be 
distributed throughout the halo of a galaxy 
and account for a significant portion of the 
dark matter. 


Magellanic Clouds Two neighboring galaxies, 
the Large Magellanic Cloud (LMC) and the 
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Small Magellanic Cloud (SMC), visible in the 
Southern Hemisphere to the unaided eye; com- 
panions to our Galaxy. 


magnetic field The property of space having 
the potential of exerting magnetic forces on 
bodies within it. 


magnetic field lines A graphic representation of 
a magnetic field showing its direction and, by 
the degree of packing of the lines, its intensity. 


magnetic flux The number of magnetic field 
lines passing through an area. 


magnetic monopole A particle predicted by 
GUTs that would have only one type of mag- 
netic pole. 


magnetic reconnection The sudden connection 
of magnetic field lines of opposite polarity. 


magnetometer A device to measure the 
strength of a magnetic field. 


magnetosphere The region around a planet 
where particles from the solar wind are 
trapped by the planet’s magnetic field. 


magnifying power The ability of a telescope to 
increase the apparent angular size of a celestial 
object. 


magnitude An astronomical measurement of an 
object’s brightness; larger magnitudes represent 
fainter objects. 


main sequence The principal series of stars in 
the Hertzsprung-Russell diagram; such stars 
are converting hydrogen to helium in their 
cores by the proton-proton process or by the 
carbon-nitrogen—oxygen cycle; this is the long- 
est stage of a star’s active life. 


major axis The larger of the two axes of an 
ellipse. 


mantle The major portion of the Earth’s interior 
below the crust, made of a plastic rock prob- 
ably composed of olivine. 


mare (pl., maria) From the Latin word for sea, a 
lowland area on the Moon that appears darker 
and smoother than the highland regions, prob- 
ably formed by lava that solidified into basaltic 
rock about 3 to 3.5 X 10° years ago. 


mare basalts Basaltic rocks found on the surface 
of the lunar maria; tend to be the youngest 
(most recently formed) rocks on the lunar sur- 
face, with ages around 3.2 X 10° years. 


mascons Abnormal concentrations of mass be- 
neath the lunar maria; they have been detected 
by their effect on the orbits of moon-orbiting 
satellites. 


maser Small regions of molecular clouds in 
which arise radio emission of a large bright- 
ness temperature, in which stimulated emission 
of a state produces the radiation. 


mass A measure of an object’s resistance to 
change in its motion (inertial mass); a measure 
of the strength of gravitational force an object 
can produce (gravitational mass). 


mass loss The rate at which a star loses mass, 
usually by a stellar wind, per year. 


mass-luminosity ratio For galaxies, the ratio of 
the total mass to the luminosity; a rough mea- 
sure of the kind of stars in a galaxy. 


mass-luminosity relation An empirical relation, 
for main-sequence stars, between a star’s mass 
and its luminosity, roughly proportional to the 
third power of the mass. 


mass transfer The flow of material from one 
star to another in a close binary system via a 
Roche lobe. 


matter era In the Big Bang model, the time in- 
terval from about 1 million years after the Big 
Bang to now, when matter dominates the 
Universe. 


maximum elongation The greatest angular dis- 
tance of an object from the Sun. 


mean lifetime The time it takes for the number 
of atoms of a radioactive substance to decrease 
by one factor of e. 


mechanics A branch of physics that deals with 
forces and their effects on bodies. 


mediators Bosons that carry the information 
about the four forces of nature when interact- 
ing with other particles. 


megaparsec (Mpc) One million parsecs. 


megaton An explosive force equal to that of 1 
million tons of TNT (about 4 x 1015 J). 


meridian (celestial) An imaginary line drawn 
through the north and south points on the ho- 
rizon and through the zenith. 


meson Particles that are composites of quarks 
having integral spin. 


mesosphere Region of the Earth’s atmosphere 
between 50 and 100 km where the temperature 
falls rapidly. 


Messier catalog The French astronomers 
Charles Messier and Pierre Méchain compiled 
this catalog of about 100 of the brightest galax- 
ies, star clusters, and nebulae as hazy objects 
that might be mistaken for comets. 


metal abundance _In astronomy, the percentage 
of all elements except hydrogen and helium. 


metallic hydrogen A state of hydrogen, reached 
at high pressures, where it is able to conduct 
electricity. 


metal-poor stars Stars with metal abundances 
much less than the Sun’s. 


metal-rich stars Stars with metal abundances 
like that of the Sun (about 1-2% of the total 
mass). 


meteor The bright streak of light that occurs 
when a solid particle (a meteoroid) from space 
enters the Earth’s atmosphere and is heated by 
friction with atmospheric particles; sometimes 
called a falling star. 


meteorite A solid body from space that sur- 
vives a passage through the Earth’s atmo- 
sphere and falls to the ground. 


meteorite fall A meteorite seen in the sky and 
recovered on the ground. 


meteorite find A recovered meteorite that was 
not seen to fall. 


meteoroid A very small, solid body moving 
through space in orbit around the Sun. 


meteor shower A rapid influx of meteors that 
appear to come out of a small region of the 
sky, called the radiant. 


meteor stream A uniform distribution of mete- 
oroids along an orbit around the Sun. 


meteor swarm Meteoroids grouped in a local- 
ized region of an orbit around the Sun; the 
source of meteor showers. 


meteor trail The visible path of a meteor 
through the atmosphere created by ionization 
of the air and vaporization of the meteoroid. 


metric tensor The mathematical structure de- 
scribing the geometry of spacetime. 
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micrometeorite Very small meteorites (about 
one-tenth a micrometer in diameter) that cool 
off and solidify before they hit the ground. 


microwave background radiation A universal 
bath of low-energy photons having a black- 
body spectrum with temperature of about 
2.7 K. 


midoceanic ridge An almost continuous subma- 
rine mountain chain that extends some 64,000 
km through the Earth’s ocean basins. 


Milky Way The band of light that encircles the 
sky, caused by the blending of light from the 
many stars lying near the plane of the Galaxy; 
also sometimes used to refer to the Galaxy to 
which the Sun belongs. 


millisecond pulsar Generic name given to any 
pulsar with a pulse period of a few 
milliseconds. 


minimum resolvable angle The smallest angle a 
telescope can clearly show. 


minute of arc One-sixtieth of a degree. 


missing mass _ As yet undetected matter of an 
amount needed to close the Universe. See dark 
matter. 


molecular cloud Large, dense, massive clouds 
in the plane of a spiral galaxy; they contain 
dust and a large fraction of gas in molecular 
form. 


molecular maser Microwave amplification by 
stimulated emission of radiation from a 
molecule. 


molecular megamaser Disk-wide activity in 
some active galaxies typically having 10* times 
the power output of a galactic molecular 
maser. 


molecule A combination of two or more atoms 
bound together electrically; the smallest part of 
a compound that has the properties of that 
substance. 


momentum The product of an object’s mass 
and velocity. 


month The time period for the Moon to com- 
plete one orbit of the Earth; the exact interval 
depends on the reference point; the most com- 
mon are synodic (phase) and sidereal (stars). 


morning star Venus or Mercury visible in the 
predawn sky. 
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moving-cluster method A method for finding a 
distance to a cluster of stars by determining 
their radial velocities and the convergent point 
of their proper motion. 


M-type asteroids Asteroids with albedos of 
about 10% and reflective properties that resem- 
ble metals. 


muon One of three generations of leptons 
(along with the electron and tau generations). 


nadir The point on the celestial sphere opposite 
the zenith. 


nanometer 10~? of a meter; common unit of 
wavelength measurement for light. 


narrow-band photometry The measurement of 
stellar fluxes using filters with a small band- 
pass, typically about 30 nm wide. 


narrow-line region (NLR) The gas surrounding 
an AGN, which contributes relatively narrow 
forbidden emission lines. 


narrow-tailed radio galaxies Radio galaxies that 
show a U-shaped tail behind the nucleus; they 
are fast-moving galaxies in a cluster of 
galaxies. 


natural motion Motion without forces. 


nebula From the Latin word for cloud; a cloud 
of interstellar gas and dust. 


nebular model A model for the origin of the 
Solar System, in which an interstellar cloud of 
gas and dust collapsed gravitationally to form 
a flattened disk out of which the planets 
formed by accretion. 


neutrino An elementary particle (lepton) with 
no (or very little) mass and no electric charge 
that travels at the speed of light and carries en- 
ergy away during certain types of nuclear 
reactions. 


neutron A subatomic particle with about the 
mass of a proton and no electric charge; one of 
the main constituents of an atomic nucleus; the 
union of a proton and an electron. 


neutron star A star of extremely high density 
and small size that is composed of a degener- 
ate neutron gas; cannot have a mass greater 
than about 3Mo. 


new moon The phase of the Moon when it is in 
the same direction as the Sun in the sky, ap- 


pearing almost completely unilluminated as 
seen from the Earth. 


newton (N) The SI unit of force. 


Newtonian reflector A reflecting telescope de- 
signed so that a small mirror at a 45° angle in 
the center of the tube brings the focus outside 
the tube. 


node The point on the celestial sphere where an 
orbit intersects a coordinate reference, such as 
the two nodes of the Moon’s path that crosses 
the ecliptic. 


nonthermal radiation Emitted energy that is 
not characterized by a blackbody spectrum; 
usually used to refer to synchrotron radiation. 


noon Midday; the time halfway between sunrise 
and sunset when the Sun reaches its highest 
point in the sky with respect to the horizon. 


Norma arm_ A segment of a spiral arm of our 
Galaxy, about 4000 pc from the Sun toward the 
center of the Galaxy in the direction of the con- 
stellation Norma. 


north magnetic pole One of the two points on 
a star or planet from which magnetic lines of 
force emanate and to which the north pole of a 
compass points. 


nova From the Latin word for new; a star that 
has a sudden outburst of energy, temporarily 
increasing its brightness by hundreds to thou- 
sands of times; now believed to be the outburst 
of a degenerate star in a binary system, also 
used in the past to refer to some stellar out- 
bursts that modern astronomers now call 
supernovas. 


nuclear bulge The central region of a spiral gal- 
axy, containing old Population I stars. 


nuclear fission A process that releases energy 
from matter; in it, a heavy nucleus hit by a 
high-energy particle splits into two or more 
lighter nuclei whose combined mass is less 
than the original, the missing mass being con- 
verted into energy. 


nuclear fusion A process that releases energy 
from matter by the joining of nuclei of lighter 
elements to make heavier ones; the combined 
mass is less than that of the constituents, the 
difference appearing as energy. 


nucleosynthesis The chain of thermonuclear fu- 
sion processes by which hydrogen is converted 


to helium, helium to carbon, and so on 
through all the elements of the periodic table. 


nucleus (of an atom) The massive central part 
of an atom, containing neutrons and protons, 
about which the electrons orbit. 


nucleus (of a comet) Small, bright, starlike 
point in the head of a comet; a solid, compact 
(diameter a few tens of kilometers) mass of fro- 
zen gases with some rocky material as dust 
embedded in it. 


nucleus (of a galaxy) The central portion of a 
galaxy, composed of old Population I stars, 
some gas and dust, and, for many galaxies, a 
concentrated source of nonthermal radiation. 


number density The number of particles per 
unit volume. 


OB association Loose groupings of O and B 
stars in small subgroups; they are not bound 
by gravity and so dissipate in a few times 
107 years. 


objective The main light-gathering lens or mir- 
ror of a telescope. 


obliquity of the ecliptic The angle between the 
Earth’s equator and the ecliptic; now about 
23° 26’. 

observable universe The parts of the Universe 
that can be detected by the light they emit. 


OB subgroup A small collection of about ten O 
and B stars, a few tens of parsecs across, 
within an OB association. 


occultation The eclipse of a star or planet by 
the Moon or another planet. 


Olbers’ paradox The statement that if there 
were an infinite number of stars distributed 
uniformly in an infinite space, the night sky 
would be as bright as the surface of a star, in 
obvious contrast to what is observed. 


Olympus Mons _A large shield volcano on the 
surface of Mars in the Tharsis ridge region. 


Oort’s cloud A cloud of comet nuclei in orbit 
around the Solar System, formed at the time 
the Solar System formed; the reservoir for new 
comets. 


Oort’s constants In Oort’s equations describing 
differential galactic rotation, the numbers relat- 
ing the Sun’s distance from the center of the 
Galaxy and the change in angular speed as a 
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function of radius; current value is 15 km/s/ 
kpc. 

opacity The property of a substance that hin- 
ders (by absorption or scattering) light passing 
through it; opposite of transparency. 


open cluster Same as galactic cluster. 
open geometry See hyperbolic geometry. 


opposition The time at which a celestial body 
lies opposite the Sun in the sky as seen from 
the Earth; the time at which it has an elonga- 
tion of 180°. 


optical depth A measure of the amount of ab- 
sorption that occurs as electromagnetic radia- 
tion passes through a medium; for an optical 
depth of 1, the beam is attenuated by 1/e. 


optics The manipulation of light by reflection or 
refraction. 


orbital angular momentum The angular mo- 
mentum of a revolving body; the product of a 
body’s mass, orbital velocity, and the distance 
from the system’s center of mass. 


orbital inclination The angle between the orbital 
plane of a body and some reference plane; in 
the case of a planet in the Solar System, the 
reference plane is that of the Earth’s orbit; in 
the case of a satellite, the reference is usually 
the equatorial plane of the planet; for a dou- 
ble star, it is the plane perpendicular to the 
line-of-sight. 

orbital period The time interval to complete one 
closed orbit. 


Orion arm _ A segment of the Galaxy’s larger 
spiral arm structure; the Solar System lies 
within it. 

Orion Nebula (M42) A hot cloud of ionized gas 
that is a nearby region of recent star formation, 
located in the sword of the constellation of 
Orion. 


outgassing Release of gasses from nongaseous 
materials; extrusion of gasses from the body of 
a planet after its formation. 

ozone layer (ozonosphere) A layer of the 
Earth’s atmosphere about 40 to 60 km above 
the surface, characterized by a high content of 
ozone, O3. 

parabola A geometric figure that describes the 
shape of an escape-velocity orbit. 
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parallax The change in an object’s apparent po- 
sition when viewed from two different loca- 
tions; specifically, half the angular shift of a 
star’s apparent position as seen from opposite 
ends of the Earth’s orbit. 


parent meteor bodies Small solid bodies, a few 
hundreds or thousands of kilometers in size, 
believed to be the source of nickel-iron mete- 
orites; formed early in the history of the Solar 
System and then broken up through collisions. 


parsec (pc) The distance an object would have 
to be from the Earth so that its heliocentric 
parallax would be 1 second of arc; equal to 
3.26 ly; a kiloparsec is 1000 pc, and a megapar- 
sec is 10° pc. 


pascal (P) Unit of pressure in the SI system. 


Pauli exclusion principle The statement from 
quantum theory that no two electrons can be 
in the same quantum state at the same time. 


P-Cygni profile A characteristic spectral line 
profile of an expanding shell; the emission 
lines have an absorption component on the 
blue side of the profile. 


perfect cosmological principle The statement 
that the Universe appears the same to an ob- 
server at all locations and at all times. 


perigee The point in its orbit at which an Earth 
satellite is closest to the Earth. 


perihelion The point at which a body orbiting 
the Sun is nearest to it. 


period The time interval for some regular event 
to take place; for example, the time required 
for one complete revolution of a body around 
another. 


periodic comets Comets that have relatively 
small elliptical orbits around the Sun, with pe- 
riods of less than 200 years. 


periodic (regular) variables Stars whose light 
varies with time in a regular fashion from vari- 
ous causes. 


period-luminosity relationship For cepheid 
variables, a relation between the average lumi- 
nosity and the time period over which the lu- 
minosity varies; the greater the luminosity, the 
longer the period. 

Perseus arm A segment of a spiral arm that lies 


about 3 kpc from the Sun in the direction of 
the constellation Perseus. 


perturbation A localized gravitational distur- 
bance in a uniform medium. 


phases of the moon The monthly cycle of the 
changes in the Moon’s appearance as seen 
from the Earth; at new the Moon is in line 
with the Sun and so not visible; at full it is in 
opposition to the Sun and we see a completely 
illuminated surface. 


phase space The higher-dimensional space that 
includes both Cartesian and momentum 
coordinates. 


Phobos The larger of the two moons of Mars. 


photodissociation The breakup of a molecule 
by the absorption of light with enough energy 
to break the molecular bonds. 


photometer A light-sensitive detector placed at 
the focus of a telescope; it is used to make ac- 
curate measurements of small photon fluxes. 


photometry Measurement of the intensity of 
light. 


photon A discrete amount of light energy; the 
energy of a photon is related to the frequency f 
of the light by the relation E = hf, where h is 
Planck’s constant. 


photon excitation Raising an electron of an 
atom to a higher energy level by the absorp- 
tion of a photon. 


photoionization Ionization of an atom by the 
absorption of a photon, which must have at 
least the ionization energy. 


photosphere The visible surface of the Sun; the 
region of the solar atmosphere from which vis- 
ible light escapes into space. 


physical universe The parts of the Universe that 
can be seen directly plus those that can be in- 
ferred from the laws of physics. 


pitch angle The angle between a spiral arm’s 
direction and the direction of circular motion 
about the Galaxy. 


pixel The smallest picture element in a two-di- 
mensional detector. 


Planck curve The continuous spectrum of a 
blackbody radiator. 


Planck’s constant The number that relates the 
energy and frequency of light; it has a value of 
6.63 X 10%4J +s. 


planet From the Greek word for wanderer; any 
of the nine (so far known) large bodies that re- 
volve around the Sun, traditionally, any heav- 
enly object that moved with respect to the stars 
(in this sense, the Sun and the Moon were also 
considered planets). 


planetary nebula A thick shell of gas ejected 
from and moving out from an extremely hot 
star; thought to be the outer layers of a red gi- 
ant star thrown out into space, the core of 
which eventually becomes a white dwarf. 


planetesimals Asteroid-sized bodies that, in the 
formation of the Solar System, combined with 
each other to form the protoplanets. 


planetology The comparative study of the plan- 
ets and how they evolved. 


plasma _A gas consisting of equal numbers of 
ionized atoms and electrons. 


plate tectonics A model for the evolution of the 
Earth’s surface that pictures the interaction of 
crustal plates driven by convection currents in 
the mantle. 


Polaris The present north pole star; the outer- 
most star in the handle of the Little Dipper. 


polarization A lining up of the planes of vibra- 
tion of light waves. 


polarized light Light waves whose planes of os- 
cillation are all the same. 


polodial magnetic field Magnetic field configu- 
ration with two poles and field lines running 
along meridians. 


Population | stars Stars found in the disk of a 
spiral galaxy, especially in the spiral arms, in- 
cluding the most luminous, hot, and young 
stars, with a heavy element abundance similar 
to that of the Sun (about 2% of the total); an 
old Population I is found in the nucleus of spi- 
ral galaxies and in elliptical galaxies. 


Population Il stars Stars found in globular clus- 
ters and the halo of a galaxy; may be older 
than any Population I stars and contain a 
smaller abundance of heavy elements. 


positron An antimatter electron; essentially an 
electron with a positive charge. 


potential energy The ability to do work be- 
cause of position; it is storable and can later be 
converted into other forms of energy. 
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PP chain See proton-proton chain. 

precession of Mercury's orbit The turning, with 
respect to the stars, of the major axis of Mer- 
cury’s orbit at a rate of 43 arcsec/century. 


precession of the equinoxes The slow west- 
ward motion of the equinox points on the sky 
relative to the stars of the Zodiac because of 
the wobbling of the Earth’s spin axis. 

pre-main-sequence (PMS) star The evolution- 
ary phase of a star just before it reaches the 
main sequence and starts hydrogen core 
burning. 

pressure Force per unit area. 

pressure gradient The rate of change of pres- 
sure along a direction. 


primary The brighter of the two stars in a bi- 
nary system. 


primeval fireball The hot, dense beginning of 
the Universe in the Big Bang model, when 
most of the energy was in the form of 
high-energy light. 

principle of covariance A fundamental basis for 
general relativity in which it is assumed that 
all physical laws should be able to be stated in 
a coordinate independent manner. 


principle of equivalence The fundamental idea 
in Einstein’s general theory of relativity; the 
statement that one cannot distinguish between 
gravitational accelerations and other kinds of 
acceleration, or, equivalently, a statement about 
the equality of inertial mass and gravitational 
mass; a consequence is that gravitational forces 
can be made to vanish in a small region of 
spacetime by choosing an appropriate acceler- 
ated frame of reference. 

prominences Cool clouds of hydrogen gas 
above the Sun’s photosphere in the corona; 
they are shaped by the local magnetic fields of 
active regions. 

proper length The length of an object as mea- 
sured in its rest frame. 

proper motion The angular displacement of a 
star on the sky from its motion through space. 

proper time The interval measured on a clock 
in a rest frame. 

protogalaxies Clouds with enough mass that 
they are destined to collapse gravitationally 
into galaxies. 
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proton A massive, positively charged elemen- 
tary particle; one of the main constituents of 
the nucleus of an atom. 


proton-proton (PP) chain A series of thermo- 
nuclear reactions that occur in the interiors of 
stars, by which four hydrogen nuclei are fused 
into helium; this process is believed to be the 
primary mode of energy production in the 
Sun. 


protoplanet A large mass formed by the accre- 
tion of planetesimals; the final stage of forma- 
tion of the planets from the solar nebula. 


protostar A collapsing mass of gas and dust out 
of which a star will be born (when thermonu- 
clear reactions turn on) whose energy comes 
from gravitational contraction. 


Ptolemaic system A complete geocentric Solar 
System model, described by the Greek astrono- 
mer Ptolemy in the Alamagest. 


pulsar A radio source that emits signals in very 
short, regular bursts; thought to be a highly 
magnetic, rotating neutron star. 


pulsating star A star with an unstable internal 
structure that causes it to expand and contract. 


quadrature When a planet or the Moon has an 
angular distance of 90° from the Sun as viewed 
from the Earth. 


quantum (pl., quanta) A discrete packet of 
energy. 


quantum number In quantum theory, one of 
the four special numbers that determine the 
energy structure and quantum state of atoms. 


quantum state The quantum description of the 
arrangement of electrons in an atom; allowed 
quantum states are filled starting with those of 
lowest energy first. 


quark An elementary particle with third-integral 
charge that makes up others, such as protons 
and neutrons. 


quasar or quasi-stellar object (QSO) An in- 
tense, point-like source of light and radio 
waves that is characterized by large red shifts 
of the emission lines in its visible spectrum. 

radar mapping The surveying of the geographic 
features of a planet’s surface by the reflection 
of radio waves from the surface. 

radial velocity The component of relative veloc- 
ity that lies along the line-of-sight. 


radial velocity curve For a binary star system, a 
graph of the radial velocities of the two stars 
as a function of time or orbital phase. 


radian (rad) A unit of angular measurement; 1 
radian equals 57.3°; 27 radians equal 360°. 


radiant The point in the sky from which a me- 
teor shower appears to come. 


radiation Usually refers to electromagnetic 
waves, such as light, radio, infrared, X-rays, ul- 
traviolet; also sometimes used to refer to 
atomic particles of high energy, such as 
electrons (beta-radiation), helium nuclei 
(alpha-radiation), and so on. 


radiation belts In a planet’s magnetosphere, re- 
gions with a high density of trapped solar 
wind particles. 


radiation era In the Big Bang model, the time in 
the Universe’s history in which the energy in 
the Universe was dominated by radiation. 


radiation pressure Pressure exerted by photons 
as they transfer momentum to matter. 


radiative energy ‘The capacity to do work that 
is carried by electromagnetic waves. 


radiative transfer The process by which electro- 
magnetic radiation interacts with matter. 


radioactive decay The process by which an ele- 
ment fissions into lighter elements. 


radio galaxies Galaxies that emit large amounts 
of radio energy by the synchrotron process, 
generally characterized by two giant lobes of 
emission situated on opposite ends of a line 
drawn through the nucleus; they are divided 
into two types, compact and extended. 


radio interferometer A radio telescope that 
achieves high angular resolution by combining 
signals from at least two widely separated 
antennas. 


radiometric dating A process that determines 
the age of an object by the rate of decay of ra- 
dioactive elements within the object. 


radio recombination line emission Sharp en- 
ergy peaks at radio wavelengths caused by low- 
energy transitions in atoms from one very high- 
energy level to another nearby level following 
recombination of an electron with an ion. 


radio telescope A telescope designed to collect 
and detect radio emissions from celestial 
objects. 


rapid process (r-process) Formation of very 
heavy elements by the rapid addition of neu- 
trons to a nucleus followed by beta decay. 


ray On the Moon or other satellite, a bright 
streak of material ejected from an impact 
crater. 


Rayleigh scattering The redistribution of pho- 
ton directions in the long wavelength regime 
when they interact with bound atomic or mo- 
lecular systems. 


recombination The joining of an electron to an 
ion; the reverse of ionization. 


recombination line Emission line from an elec- 
tron following the process of recombination. 


reddening The preferential scattering or absorp- 
tion of blue light by small particles, allowing 
more red light to pass directly through. 


red giant A large, cool star with a high lumi- 
nosity and a low surface temperature (about 
2500 K), which is largely convective and has 
fusion reactions going on in shells. 


redshift An increase in the wavelength of the 
radiation received from a receding celestial 
body as a consequence of the Doppler effect; a 
shift toward the long-wavelength (red) end of 
the spectrum. 


red variables A class of cool stars variable in 
light output. 


reference frame A set of coordinates by which 
position and motion may be specified. 


reflecting telescope A telescope that has a uni- 
formly curved mirror as a primary light 
gatherer. 

reflection The return of a light wave at the in- 
terface between two media. 

reflection nebula A bright cloud of gas and 
dust that is visible because of the reflection of 
starlight by the dust. 

refracting telescope A telescope that uses glass 
lenses to gather light. 

refraction Bending of the direction of a light 
wave at the interface between two media, such 
as air and glass. 


regolith The soil-like top layer of the Moon or 
any other planetary body. 


regular cluster (of galaxies) A cluster of galax- 
ies with definite symmetry and a well-defined 
core. 


Glossary G-25 


relativistic Doppler shift Wavelength shift from 
the radial velocity of a source as calculated in 
special relativity, so that very large red shifts 
do not imply that the source moves faster than 
light. 

relativistic jet A beam of particles moving at 
speeds close to that of light. 


relativity Two theories proposed by A. Einstein; 
the special theory describes the motion of non- 
accelerated objects, and general relativity is a 
theory of gravitation. 


relaxation time The time required for compo- 
nents of a system to change their orbits 
significantly. 

resolving power The ability of a telescope to 
separate close stars or to pick out fine details 
of celestial objects. 


retrograde motion The apparent anomalous 
westward motion of a planet with respect to 
the stars, which occurs near the time of opposi- 
tion (for an outer planet) or inferior conjunc- 
tion (for an inner planet). 


retrograde rotation Rotation from east to west. 


revolution The motion of a body in orbit 
around another body or a common center of 
mass. 


rift valley A depression in the surface of a 
planet created by the separation of crustal 
masses. 


right ascension (RA) In the equatorial coordi- 
nate system, the angle around the celestial 
equator, measured from the intersection of the 
ecliptic and the celestial equator at the spring 
equinox. 

ring galaxy A galaxy with a ring-like structure, 
probably the result of an interaction with an- 
other galaxy. 


Robertson-Walker metric A metric for an iso- 
tropic and homogeneous Universe. 


Roche limit The minimum distance from the 
center of a planet at which a satellite can orbit 
and not be disrupted by tidal forces. 


Roche lobe In a binary star system, the region 
in the space around them where their gravita- 
tional fields provide a path from one star to 
another. 


rotation The turning of a body, such as a 
planet, on its axis. 
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rotation curve The relation between rotational 
velocity of objects in a galaxy and their dis- 
tance from its center. 


r-process (rapid process) Nucleosynthesis in a 
high flux of neutrons, in which nuclei capture 
neutrons faster than beta decay. 


RR Lyrae stars A class of giant, pulsating vari- 
able stars with periods of less than one day; 
they are Population II objects and commonly 
found in globular clusters. 


runaway accretion The process by which a 
planetesimal that starts out with an escape ve- 
locity greater than its neighbors grows very 
rapidly. 

Rydberg constant A number relating to the 
spacing of the energy levels in a hydrogen 
atom. 


SO galaxy A type of galaxy intermediate be- 
tween ellipticals and spirals; they have a disk 
but no spiral arms. 


Sagittarius A (Sgr A) Radio sources at the cen- 
ter of the Galaxy; Sgr A West is a thermal ra- 
dio source (H II region), Sgr A East a nonther- 
mal source, and Sgr A* a point-like source that 
may mark the Galaxy’s core. 


Sagittarius arm A portion of spiral-arm struc- 
ture of the Galaxy that lies about 2000 pc from 
the center of the Galaxy in the direction of the 
constellation Sagittarius. 


Saha equation For thermodynamic equilibrium, 
the relation of the possible ionization states of 
atoms at a specific temperature. 

satellite Any small body orbiting a more mas- 
sive parent body. 


scale factor The function in the Robertson- 
Walker metric that describes the expansion of 
the Universe. 

scarp A long, vertical wall running across a flat 
plain. 

scattering (of light) The change in the paths of 
photons without absorption or change in 
wavelength. 

Schwarzschild radius The critical size that a 
mass must reach to be dense enough to trap 
light by its gravity, that is, to become a black 
hole. 

scientific model A mental image of how the 
natural world works, based on physical, math- 
ematical, and aesthetic ideas. 


scintillation The rapid variations in brightness 
of a star caused by turbulence in the Earth’s at- 
mosphere; see seeing. 


secondary The fainter of the two stars in a bi- 
nary system. 


second dredge-up The process by which con- 
vection brings the products of helium burning 
to the surface of a massive star during the sec- 
ond time it becomes a red giant. 


second of arc 1/3600 of a degree, or 1/60 of a 
minute of arc. 


secular parallax A method of determining the 
average distance of a group of stars by examin- 
ing the components of their proper motions 
produced by the straight-line motion of the 
Sun through space. 


seeing The unsteadiness of the Earth’s atmo- 
sphere that blurs telescopic images. 


seismic waves Sound waves traveling through 
and across the Earth that are produced by 
earthquakes. 


seismometer An instrument used to detect 
earthquakes and moonquakes. 


semimajor axis Half of the major axis of an el- 
lipse; distance from the center of an ellipse to 
its farthest point. 


Seyfert galaxies A type of AGN galaxy; the nu- 
clear spectrum shows intense emission lines 
with either narrow (type 2) or both broad and 
narrow (type 1) components; the host galaxy is 
usually a spiral. 


sexagesimal system A counting system based 
on the number 60, such as 60 minutes in an 
hour, or 60 minutes of arc in one degree. 


shepherd satellites Small moons that confine a 
planet’s ring in a narrow band; one is located 
on the inside edge of the ring, one on the 
outside. 


shield volcano A large volcano with gentle 
slopes formed by the slow outflow of magma. 


shock wave _ A discontinuity in a medium cre- 
ated when an object travels through it at a 
speed greater than the local sound speed. 


short-period comets Comets with orbital peri- 
ods less than 200 years, probably captured 
from longer-period orbits by an encounter with 
a major planet. 


sidereal day The Earth’s rotation period with 
respect to the stars; 1 sidereal day = 
23h 56m 4s. 


sidereal month The period of the Moon’s revo- 
lution around the Earth with respect to a fixed 
direction in space or a fixed star; about 27.3 
days. 


sidereal period The time interval needed by a 
celestial body to complete one revolution 
around another with respect to the background 
stars. 


sidereal year The orbital period of the Earth 
around the Sun with respect to the stars. 


signs of the Zodiac The twelve equal angular 
divisions of 30° each into which the ecliptic is 
divided; each corresponds to a zodiacal 
constellation. 


silicate A compound of silicon and oxygen with 
other elements, very common in rocks at the 
Earth’s surface. 


singularity A theoretical point of zero volume 
and infinite density to which any mass that be- 
comes a black hole must collapse, according to 
the general theory of relativity. 


slow process (s-process) Formation of very 
heavy elements by the slow addition of neu- 
trons to the nucleus followed by beta decay. 


Small Magellanic Cloud (SMC) The smaller of 
the two companion galaxies to the Milky Way; 
it is an irregular galaxy containing about 2 x 
10°Mo. 

solar activity Energetic activity of variable mag- 
nitude on the Sun, driven by magnetic fields. 


solar core Region of the Sun’s interior where 
temperatures and densities are high enough for 
fusion reactions to take place. 


solar cosmic rays Low-energy cosmic rays gen- 
erated in solar flares. 


solar day The interval of time from noon to 
noon. 


solar eclipse An eclipse of the Sun by the 
Moon, caused by the passage of the Moon in 
front of the Sun, so the Moon’s phase must be 
new. 


solar flare Sudden burst of electromagnetic en- 
ergy and particles from a magnetic loop in an 
active region. 
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solar mass The amount of mass in the Sun, 
about 2 X 10°°kg. 


solar nebula The disk of gas and dust, around 
the young Sun, out of which the planets 
formed. 


Solar System The Sun and all the bodies that 
orbit it. 


solar wind A stream of charged particles, 
mostly protons and electrons, that escapes into 
the Sun’s outer atmosphere at high speeds and 
streams out into the Solar System. 


solstice The time at which the day or the night 
is the longest; in the Northern Hemisphere, the 
summer solstice (around June 21), the time of 
the longest day; and the winter solstice 
(around December 21), the time of the shortest 
day; the dates are opposite in the Southern 
Hemisphere. 


south magnetic pole A point on a star or 
planet from which the magnetic lines of force 
emanate and to which the south pole of a com- 
pass points. 


space A three-dimensional region in which ob- 
jects move and events occur and have relative 
direction and position. 


spacetime A four-dimensional Universe with 
space and time unified; a continuous system of 
one time coordinate and three space coordi- 
nates in which events can be located and 
described. 


spacetime curvature The bending of a region of 
spacetime because of the presence of mass and 
energy. 


spacetime diagram A diagram with one axis 
representing the three dimensions of space and 
the other of time; it shows the relation of 
events and worldlines. 


spacetime interval The multidimensional analog 
in spacetime to the hypotenuse of a right trian- 
gle—an invariant under coordinate trans- 
formations. 


space velocity The total velocity of an object 
through space, combining the components of 
radial and transverse velocities. 


special theory of relativity Einstein’s theory de- 
scribing the relations between measurements of 
physical phenomena as viewed by observers 
who are in relative motion at constant 
velocities. 
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spectral line A particular wavelength of light 
corresponding to an energy transition in an 
atom. 


spectral sequence A classification scheme for 
stars based on the strength of various lines in 
their spectra; the sequence runs O-B—A-F-G- 
K-M, from hottest to coolest. 


spectral type (or class) The designation of the 
type of a star based on the relative strengths of 
various spectral lines. 


spectroscope An instrument for examining 
spectra; also a spectrometer or spectrograph if 
the spectrum is recorded and measured. 


spectroscopic binary Two stars revolving 
around a common center of mass that can be 
identified by periodic variations in the Doppler 
shift of the lines of their spectra. 


spectroscopic parallax A technique for measur- 
ing distance by comparing the brightnesses of 
stars with their actual luminosities, as deter- 
mined by their spectra. 


spectroscopy The analysis of light by separating 
it by wavelengths (colors). 


spectrum (pl., spectra) The array of colors or 
wavelengths obtained when light is dispersed, 
as by a prism; the amount of energy given off 
by an object at every different wavelength. 


speed The rate of change of position with time. 


spherical (closed) geometry An alternative to 
Euclidean geometry, constructed by G.F.B. Rie- 
mann on the premise that no parallel lines can 
be drawn through a point near a straight line; 
the sum of the angles of a triangle drawn on a 
spherical surface is always greater than 180°. 


spicules Spears of hot gas that reach up from 
the Sun’s photosphere into the chromosphere. 


spin angular momentum The angular momen- 
tum of a rotating body; the product of a body’s 
mass distribution, rotational velocity, and 
radius. 


spiral arm A structure, part of a spiral pattern 
in a galaxy, composed of gas, dust, and young 
stars, that winds out from near the galaxy’s 
center. 


spiral galaxy A galaxy with spiral arms; the pre- 
sumed shape of our Milky Way Galaxy. 


spiral nebula An older term, now obsolete, for a 
spiral galaxy as it appeared visually through a 
telescope. 


spiral tracers Objects that are commonly found 
in spiral arms and so are used to trace spiral 
structure; for example, Population I cepheids, 
H II regions, and OB stars. 


spontaneous emission The emission of a pho- 
ton by an excited atom in which an electron 
falls to a lower energy level. 


sporadic meteor A meteor that occurs at ran- 
dom and so is not associated with a shower. 


stadium (pl., stadia) An ancient Greek unit of 
length, probably about 0.2 km. 


standard candle An astronomical object of 
known luminosity used to estimate distances to 
galaxies. 


starburst galaxy A galaxy in which a high rate 
of star formation is occurring now. 


star counting A technique to measure the ex- 
tent of the Galaxy, first used by William Her- 
schel, in which it is assumed that the directions 
in space in which more stars are found (in a 
specific area) mark regions of greater extent of 
the Galaxy. 


statistical parallax A parallax, and so a distance, 
determined from the average proper motions 
of selected groups of stars. 


steady-state model A theory of the Universe 
based on the perfect cosmological principle in 
which the Universe looks basically the same to 
all observers at all times. 


Stefan-Boltzmann law The relation for a black- 
body radiator between temperature and energy 
emitted per unit area of surface. 


stellar interior model A table of values of the 
physical characteristics (such as temperature, 
density, and pressure) as a function of position 
within a star for a specified mass, chemical 
composition, and age, calculated from theoreti- 
cal ideas of the basic physics of stars. 


stellar nucleosynthesis A process in which nu- 
clear fusion builds up heavier nuclei while 
supplying the energy by which stars shine. 


stellar wind Mass loss from a star by the out- 
flow of particles, analogous to the solar wind. 


stimulated emission Radiation produced by the 
effect of a photon stimulating an atom in an 
excited state to emit another photon of the 
same wavelength. 


stochastic star formation A model for the gen- 
eration of spiral arms by the random formation 
of stars in a molecular cloud, triggered by a 
supernova explosion, which then are drawn 
out into a spiral pattern by differential galactic 
rotation. 


stony-iron meteorite A type of meteorite that is 
a blend of nickel-iron and silicate materials. 


stony meteorite A type of meteorite made of 
light silicate materials. 


straight line The shortest distance between two 
points in any geometry; also called a geodesic. 


stratosphere A layer in the Earth’s atmosphere 
in which temperature changes with altitude are 
small and clouds are rare. 


string theory A theory of elementary particles 
that views them as one-dimensional entities. 


Strémgren sphere An idealized zone of ionized 
hydrogen gas around an OB star. 


strong nuclear force One of the four forces of 
nature; the strong force acts over short dis- 
tances to keep the nuclei of atoms together. 


S-type asteroids Asteroids whose albedos indi- 
cate a surface made of silicates. 


summer solstice See solstice. 


sunspot A temporary cool region in the Sun’s 
photosphere, associated with an active region, 
with a magnetic field intensity of a few 0.1 T. 


sunspot cycle The 11-year number cycle and a 
22-year magnetic polarity cycle of the forma- 
tion of sunspots. 


superclusters A system containing multiple 
clusters of galaxies. 


supergiant A massive star of large size and 
high luminosity. 

supergiant elliptical (CD) galaxies Largest and 
most massive elliptical galaxies, sometimes 
with more than one nucleus; found at the core 
of a rich cluster of galaxies. 


supergravity A model that combines quantum 
ideas with gravity in an attempt to describe the 
unification of all forces of nature during the 
first 10-49 second of the Universe’s history. 
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superior conjunction A planetary configuration 
in which an inner planet lies in the same direc- 
tion as the Sun but on the opposite side of the 
Sun as viewed from the outer planet. 


superior planet Any planet whose orbit is exte- 
rior to the Earth’s. 


superluminal motion Motion apparently faster 
than the speed of light. 


supermassive black hole A black hole with a 
mass of 10°Mo or more; probably powers ac- 
tive galaxies and quasars. 


supernova A stupendous explosion of a massive 
star, which increases its brightness hundreds of 
millions of times in a few days. 


supernova remnant Expanding gas cloud from 
the outer layers of a star blown off in a super- 
nova explosion; detectable at radio wave- 
lengths; moves through the interstellar medium 
at high speeds. 


superwind A very strong stellar wind. 


surface gravity The local value of the accelera- 
tion by gravity at the surface of a body. 


synchronous rotation The equality of a satel- 
lite’s rotation and revolution so that it keeps 
the same face toward its parent planet. 


synchrotron radiation Radiation from an accel- 
erating charged particle (usually an electron) in 
a magnetic field; the wavelength of the emitted 
radiation depends on the strength of the mag- 
netic field and the energy of the charged 
particles. 


synodic month The time interval between simi- 
lar configurations of the Moon and the Sun; for 
example, between full Moon and the next full 
Moon, about 29.5 days. 


synodic period The interval between successive 
similar lineups of a celestial body with the 
Sun, for example, between oppositions. 

tau. One of three generations of leptons (along 
with the electron and muon generations). 

temperature A measure of the average random 
speeds of the microscopic particles in a 
substance. 

temperature gradient The change in tempera- 
ture over a unit change in distance. 


terminator The boundary between day and 
night on a planet or satellite. 
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terrestrial planets Planets similar in composi- 
tion and size to the Earth; Mercury, Venus, 
Mars, and the Moon. 


tesla In the SI system, a unit of measure of 
magnetic flux. 


Tharsis ridge A highland region on Mars con- 
taining a cluster of volcanoes, including Olym- 
pus Mons. 


thermal equilibrium Steady-state situation char- 
acterized by no large-scale temperature 
changes. 


thermal pulses Bursts of energy generation 
from the triple-alpha process in the shell of a 
red giant star. 


thermal radiation Electromagnetic radiation be- 
cause a body is hot and in thermal dynamic 
equilibrium; often characterized by a blackbody 
spectrum. 


thermal speed The average speed of the ran- 
dom motion of particles in a gas. 


thermodynamic equilibrium The physical state 
of a system in which there is no net exchange 
of thermal energy. 


thermosphere A layer in the Earth’s atmo- 
sphere, above the mesosphere, heated by X- 
rays and ultraviolet radiation from the Sun. 


Thompson scattering The redistribution of di- 
rections (but not wavelengths) when photons 
interact with nonrelativistic free charges. 


three-degree cosmic blackbody microwave 
radiation The relic radiation from the Big 
Bang; has a blackbody spectrum and a current 
temperature near 3 K. 

threshold temperature The temperature at 
which photons have enough energy to create a 
given type of particle and antiparticle. 

tidal force The difference in gravitational force 
between two points in a body caused by a sec- 
ond body, which may cause the deformation of 
the second body. 


time A measure of the flow of events. 

time dilation The slowing down of clocks 
viewed in a moving reference frame. 

Titan Saturn’s largest satellite, the first satellite 
detected to have an atmosphere. 

Titius-Bode law A nonphysical formula that 


gives the approximate distances of the planets 
from the Sun in astronomical units. 


ton (metric) One thousand kilograms. 


torodial magnetic field A magnetic field config- 
uration in which the field lines run parallel to 
the equator. 


torque A twisting force. 


total energy The sum of kinetic, potential, and 
internal energies. 


transit The passage of a celestial object across 
the celestial meridian. 


transition (in an atom) A change in the elec- 
tron arrangements in an atom, which involves 
a change in energy. 


transition region In the Sun’s atmosphere, the 
region between the chromosphere and corona 
where the temperature rises rapidly. 


transverse fault A crack in a solid surface 
where the ground has moved sideways. 


transverse velocity The component of an ob- 
ject’s velocity that is perpendicular to the line- 
of-sight. 

transverse wave A wave in which the 
oscillatory motion is perpendicular to the di- 
rection of propagation; such waves cannot 
travel through liquids. 


Trapezium cluster A small cluster of young 
massive stars located in the Orion Nebula. 


trigonometric parallax A method of determin- 
ing distances by measuring the angular posi- 
tion of an object as seen from the ends of a 
baseline having a known length; see heliocentric 
parallax. 


triple-alpha reaction A thermonuclear process 
in which three helium atoms (alpha particles) 
are fused into one carbon nucleus. 


Triton Largest moon of Neptune; it has a thin 
atmosphere. 


tropical year The time interval for the Earth to 
orbit the Sun relative to the equinoxes. 


tropopause The boundary in the Earth’s atmo- 
sphere between the troposphere and the 
stratosphere. 


troposphere The lowest level of the Earth’s at- 
mosphere, reaching 10 km from the surface; the 
area in which most of the weather takes place. 


T-Tauri stars Newly formed stars of about 1Mo; 
usually associated with dark clouds; some 
show evidence of flares and starspots. 


Tully-Fisher relation The relation between the 
luminosity of a galaxy and the width of its 
21-cm emission line. 


turbulence Irregular and sometimes violent con- 
vective motion. 


turbulent viscosity The property of a gas (or 
any fluid) by which turbulent flow in one part 
affects the flow of a nearby part; an important 
effect in the transfer of angular momentum 
outward in the solar nebula. 


turnoff point The point on the H-R diagram of 
a cluster at which the main sequence appears 
to terminate at the high-luminosity end. 


21-cm line The emission line, at a wavelength 
of 21.11 cm, from neutral hydrogen gas; it is 
produced by atoms in which the direction of 
spin of their proton and electron change from 
parallel to opposed. 


two-sphere universe The basic premise of the 
celestial coordinate systems that the Universe is 
composed of two concentric spheres, the Earth 
and the celestial sphere. 


twinkling See scintillation. 


Type I, Type Il supernovae Classification of su- 
pernovae by their light curves and spectral 
characteristics; Type I show a sharp maximum 
and slow decline with no hydrogen lines; Type 
II have a broader peak and a very sharp de- 
cline after 100 days with strong hydrogen lines 
in the spectrum. 


umbra_ The dark central region of a sunspot. 


uniformity of nature The assumption that astro- 
nomical objects of the same type are the same 
throughout the Universe. 


universality of physical laws The assumption, 
borne out by some evidence, that the physical 
laws understood locally apply throughout the 
Universe and perhaps to the Universe as a 
whole. 


universal law of gravitation Newton's law of 
gravitation; see gravitation. 


Universal Time (UT) A time measure that re- 
lates to apparent solar time and is the basis for 
civil timekeeping; linked to sidereal time. 


Universe The totality of all space and time; all 
that is, has been, and will be. 


upland plateaus Large highland masses on the 
surface of Venus. 
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UV Ceti star A flare star. 


Valles Marineris Extensive canyonlands region 
near the equator of Mars. 


Van Allen radiation belts Belts of charged parti- 
cles (from the Sun) trapped in the Earth’s 
lower magnetosphere. 


variable star Any star whose luminosity 
changes over a short period of time. 


vector A quantity that expresses magnitude and 
direction; for example, forces and accelerations 
are vector quantities. 


velocity The rate and direction in which dis- 
tance is covered over some interval of time. 


velocity dispersion The range of velocities 
around an average velocity for a group of ob- 
jects, such as a cluster of stars or galaxies. 


vernal equinox The spring equinox; see equinox. 


vertical circle On the celestial sphere, any great 
circle through the zenith. 


Very Large Array (VLA) A radio interferometer 
located in New Mexico; it consists of 27 anten- 
nas spread over a Y-shaped pattern. 


Very Large Baseline Array (VLBA) A radio in- 
terferometer with antennas spread across the 
United States; the processing and control center 
is in New Mexico. 


violent relaxation A means of relaxation of a 
system caused by gross changes in the gravita- 
tional potential energy. 


Virgo cluster of galaxies The nearest large clus- 
ter of galaxies; it appears to lie in the direction 
of the constellation of Virgo. 


virial theorem The statement that the gravita- 
tional potential energy is twice the negative of 
the kinetic energy of a system of particles in 
equilibrium. 

visual binary Two stars that revolve around a 
common center of mass, both of which can be 
seen through a telescope so that their orbits 
can be plotted. 


visual flux The flux from a celestial object mea- 
sured across the visual part of the electromag- 
netic spectrum, specifically with a V-band 
filter. 


visual luminosity The luminosity from a celestial 
object measured across the visual part of the 
electromagnetic spectrum, the bandpass of the 
V-band filter. 
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visual magnitude The magnitude of a celestial 
object measured with a V-band filter. 


void (cosmic void) A large region of space 
empty of visible galaxies. 


volatiles Materials, such as helium or methane, 
that vaporize at low temperatures. 


volcanic model The formation of craters as 
cones left over from lava eruptions. 


watt A unit of power; 1 joule expended per 
second. 


wavelength The distance between two succes- 
sive peaks or troughs of a wave. 


weak nuclear force A short-range force that op- 
erates in radioactive decay and governs 
leptons. 


weight The total force on some mass produced 
by gravity. 

weightlessness The condition of apparent zero 
weight, produced when a body is allowed to 
fall freely in a gravitational field; in general 
relativity, weightlessness signifies motion on a 
straight line in spacetime. 


white dwarf A small, dense star that has ex- 
hausted its nuclear fuel and shines from resid- 
ual heat; such stars have an upper mass limit 
of 1.4Mo, and their interior is a degenerate 
electron gas. 


Widmanstatten figures Large crystal patterns 
that appear on the surfaces of iron meteorites 
when they are polished and etched. 


Wien’s law The relation between the wave- 
length of maximum emission in a blackbody’s 
spectrum and its temperature; the higher the 
temperature, the shorter the wavelength at 
which the peak occurs. 


winter solstice See solstice. 


Wolf-Rayet (WR) star A rare type of very hot 
(20,000-50,000 K) that have emission lines in 
their spectra; some are the central stars of plan- 
etary nebulae. 


work The amount of energy required to move a 
test particle a given length in a force field. 


worldline A series of events in spacetime. 

W Virginis stars Pulsating variable stars; Popu- 
lation II cepheids. 

X-ray binary A binary star system that emits 
X-rays, often in bursts. 


X-ray burster An X-ray source that emits brief, 
powerful bursts of X-rays; probably occurs 
from accretion onto a neutron star in a binary 
system. 


X-rays High-energy electromagnetic radiation 
with a wavelength of about 107!° m. 


year The time for the Earth fo orbit the Sun; its 
exact value depends on the reference point. 


young Population | stars A class of stars found 
in the disk of a spiral galaxy, especially in the 
spiral arms; they have a metal abundance simi- 
lar to the Sun’s and are the youngest stars in 
the Galaxy. 


ZAMS Acronym for zero-age main sequence. 


Zeeman effect The splitting of spectral lines in 
an intense magnetic field. 


zenith The point on the celestial sphere that is 
located directly above the observer at 90° angu- 
lar distance from the horizon. 

zero-age main sequence (ZAMS) The position 
on the H-R diagram reached by a protostar 
once it derives most of its energy from thermo- 
nuclear reactions rather than from gravitational 
contraction. 

Zodiac The thirteen constellations through 
which the Sun travels in its yearly motion, as 
seen from the Earth. 

zodiacal light Sunlight reflected off dust in the 
plane of the ecliptic. 

zone A region of high pressure in the atmo- 
sphere of a Jovian planet. 

zone of avoidance A region near the plane of 
the Galaxy where very few other galaxies are 
visible because of obscuration by dust. 
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Abell classification, of galaxian 
clusters, 446-447, 454 
Abell, George, 446, 453 
Aberration orbits, 43 
Aberration of starlight, 43 
Absolute bolometric magnitude, 
231 
Absolute magnitude, 227, 276 
Absolute-magnitude H-R diagram, 
266 
Absolute orbit, of binaries, 236 
Absolute time, 489 
Absolute visual magnitude, 260 
Absorption, P-28 
bound-bound, P-28 
bound-free, P-28 
continuum, 164, 204-205 
Einstein’s coefficient of, 171 
Fraunhofer, 206—207 
free-free, P-28 
interstellar, 275-276, 285 
of light, 163 
Absorption lines, 162 
Balmer, 168, 206, 208 
interstellar optical, 290 
profile of, 166 
of quasars, 478-479 
and temperature, 258 
Acceleration, 10, P-4 
centripetal, P-4, 12 
constant, 40 
Coriolis, P-4, 40, 
of cosmic rays, 408 
differential tidal, 45 
gravitational, 13-14 
in Newton’s laws, 11, 12-13 
Accretion, of planets, 145-146 
Accretion disk, around black hole, 
348 
Action-reaction, law of, 12 
Active galaxies 
prelude to activity in, 466-467 
synchrotron radiation from, 466 
types of, 467-476 


Active galaxy nuclei (AGNs), 414, 
467 
list of, 468 
unified model for, 483-485 
Active prominences, 218 
Active region, of Sun, 215, 217 
Active Sun, 211, 215 
Adaptive optics, 197 
Adiabatic perturbations, 509 
Ae stars, 265 
AGNs, see Active galaxy nuclei 
Airy disk, 181 
Albedo, 24-26 
of asteroids, 133-134 
of Mercury, 81-82 
of Moon, 61 
Aldebaran, 247 
Alpha Centauri, 225 
Alpha Orionis, 248 
Alpha particles, 220, 316 
Amplitude, 153 
Andromeda Galaxy, 274, 401, 427, 
434, 447 
Angular momentum, P-5-P-6, 15-16 
of galaxies, 428 
and orbits, 15-16 
of Solar System, 143 
of stars, 300 
Angular resolution, 70, 156 
Angular width, 156 
Anhydrous rocks, 67 
Annular eclipse, 243 
Annular solar eclipse, 56 
Anomalistic month, 54 
Anomaalistic year, 38 
Anomaly, true, 8 
Anorthosites, of Moon, 65, 66 
Antapex, solar, 383 
Antarctic Circle, 39 
Anticenter direction, 395 
Anticyclone, 41 
Antiparticles, P-18, 504 
Appennine Mountains (of Moon), 


Aperture synthesis, 186 
Aperture synthesis interferometry, 
197 
Apex, solar, 383 
Aphelion, 8 
of comets, 29 
Apogalacticon, 390 
Apollo group (of asteroids), 28 
Apollo missions, 59, 64 
Apparent angular separation, 236 
Apparent binary systems, 235 
Apparent bolometric magnitude, 
231 
Apparent magnitude, 226, 275 
Apparent relative orbits, of bina- 
ries, 236 
Apparent solar time, 36 
Apparent stellar orbits, 43 
Arctic Circle, 39 
Arcturus, Doppler shift of, 381 
Areas, law of, 8, 15-16 
Argyre Planitia, 96 
Ariel, 131 
A ring, of Saturn, 127, 129 
Aristotle, 10-11 
Arp, Halton, 512 
Arroyo, 94 
Artificial satellites, orbits of, 
31-32 
A spectral type star, 194 
Associations (of stars), 277, 304 
Asteroidal moons, of Jupiter, 
124-125 
Asteroid belt, 28, 100 
Asteroids, 28, 132-135 
albedo of, 133-134 
composition of, 133-134 
formation of, 146-147 
impacting Moon, 63 
as meteoroid source, 140 
Astrometric binary systems, 236 
Astrometry, 225 
Astronomical seeing, 70 
Astronomical unit (AU), 6 
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Astronomy, see also Cosmology 
ground-based infrared, 187 
ground-based radio, 184-187 
invisible, 183-189 
observational, 179 
space, 187-188 

Asymptotic giant branch (AGB), of 

H-R diagram, 322 

Atmosphere 
Coriolis effect on, 41 
of Earth, 41, 59, 67-70 
effect on telescopes, 183, 184, 

196-197 
electromagnetic transmission 
through, 184, 187 
escape of, 122 
of Europa, 122 
of Jupiter, 101-102 
of Mars, 91, 92 
of Mercury, 82 
of Moon, 67 
of planets, 26 
of Saturn, 108 
secondary, 67 
of stars, 174-175, 251-255, 
359-363, see also Stellar at- 
mospheres 
structure of, 67-68 
of Titan, 127 
of Uranus, 111 
of Venus, 86 
Atmosphere (unit), 68 
Atmospheric cells, effect on tele- 
scopes, 196-197 
Atmospheric extinction, 230 
Atmospheric gases, retention of, 
26-27 

Atomic mass, 159 

Atomic number, 159 

Atomic particles, 159, see also Parti- 

cles 

Atomic theory, Bohr’s, 159-161 

Atoms, 159 
excitation potentials for, 165 
excited states of, 162 
ionization potentials for, 165 
ionized, 163-164 
spectra of, 164 
structure of, 158-164 

Auriga, 272 

Aurora australis, 74 

Aurora borealis, 74 

Aurorae, 74 
of Jupiter, 106 
of Saturn, 107 

Autumnal equinox, 38 

Axis 
nutation of, 48 
precession of, 48 
semimajor, 8, P-7 
semiminor, 8 


Background radiation 
3-K, 495 
blackbody as, 497, 499 
cosmic, P-36--P-37, 458, 496, 510 
microwave, 498, 504 
spectra of, 496 
Background stars, 381 
BAL quasars, see Broad absorption 
line quasars 
Balloon analogy, of Universe, 494, 
508 
Balmer absorption lines, 168 
of Sun, 206, 208 
Balmer series, 161 
Bands, 165 
Barnard’s Star, proper motion of, 
381 
Barometric equation, 68 
Barred spiral galaxies, 416, 418 
Barringer Meteor Crater, 29 
Barycenter, 54, 55 
Baryons, P-19 
in dark matter, 511 
net number of, 504 
Basalt, of Moon, 65, 67 
Basins, mare, 64 
BATSE, see Burst and Transient 
Source Experiment 
Beaming, P-30—P-31 
relativistic, 483 
Becklin-Neugebauer (BN) object, 
302, 303 
Bell Burnell, Jocelyn, 339 
Belts, of Jupiter’s atmosphere, 101 
B-emission (Be) stars, 265, 360 
BeppoSAx satellite, 377 
Bessel, Friedrich Wilhelm, 44, 224 
Be stars, see B-emission stars 
Beta Pictoris, 307 
Beta Regio plateau, 89 
Biased galaxy formation, 510 
Biermann, Ludwig, 135 
Big Bang, 437, 514 
hot state of, 495 
nucleosynthesis in, 506 
standard model of, 499-500 
Big Crunch, 494 
Binary accretion model, of Moon, 
147 
Binary galaxies, mass of, 430 
Binary systems 
apparent, 235 
astrometric, 236 
brown dwarfs in, 338 
Centaurus X-3 as, 376 
classification of, 235-236 
contact, 245 
Cygnus X-1 as, 375 
eclipsing, 236, 241, 242-246 
eclipsing-spectroscopic, 244-245 
novae in, 365 


orbits of, 236, 237, 243, 244 
of pulsars, 342-343 
RS CVn type, 359 
spectroscopic, 236, 239 
spectrum, 236, 239 
stellar data from, 245, 246 
velocity curves for, 239-242 
visual, 235, 236 
as X-ray source, 374 
Bipolar magnetic regions (BMRs), 
218 
Bipolar outflows, 301, 302 
Bipolar spot group, 215 
Blackbody radiation, 170-173, P-29 
as background, 497, 499 
emission of, 172 
Blackbody radiators, 24, 170 
Black dwarfs, 334 
Black holes, 345 
infall of matter to, 481 
observing, 348-349 
physics of, 345-346 
as quasar model, 481 
spacetime around, 346-348 
“Black widow” pulsar, 342 
Blaze angle, 193 
BL Lacertae (BL Lac) objects, 
470-471 
model for, 483-485 
spectra of, 470 
variability of, 471 
BLR, see Broad line region 
Blueshifted, 157, 381 
Blue supergiants, 372, 375 
BN object, see Becklin-Neugebauer 
object 
Body rotation period, 100 
Bohr, Niels, 159 
Bohr’s atomic theory, 159-161 
for hydrogen atom, 160-161 
Bolometer, 187 
Bolometric correction, 232 
Bolometric flux, 231-232 
Bolometric magnitude, 231 
Boltzmann, Ludwig, 167 
Boltzmann’s constant, 166 
Boltzmann’s equation, 167, 
166-169, 253-254 
Bootes void, 454 
Borosilicates, 197 
Bosons, P-17, P-29, 507 
Bottom quark, 508 
Bottom-up theory, of galaxian for- 
mation, 509 
Bound-bound absorption, P-28 
Bound-free absorption, P-28 
Bound orbits, 160 
Box orbits, P-11 
Brackett series, 161 
Bradley, James, 43 
Brahe, Tycho, 224, P-2 


Breccias, of Moon, 65, 66 
Brehmsstrahlung, P-28, 292 
Brightness scale, 226 
B ring, of Saturn, 127, 128 
Broad absorption line (BAL) 
quasars, 478 
Broadening 
collisional, 170 
pressure, 264 
of spectral lines, 169-170 
Broad line region (BLR), 468, 484 
Brown dwarfs, 324, 338 
“Bubble” phase, of universe, 503, 
513 
Bulk density, of Earth, 56 
Bulk motions, 458 
Burst and Transient Source Experi- 
ment (BATSE), 188, 377 
BV system, 229 


Calculus, vectors in, P-3 

Calendar, Gregorian, 38 

Callisto, 124, 126 

Caloris Basin, 82, 83 

Canals, on Mars, 93 

Cannibalism, of galaxies, 
451-452 

Cannon, Annie J., 255 

Capilla Peak Observatory, 180 

Capture model, of Moon, 147 

Carbon cycle, 315, 316 

Carbonaceous chondrite, 141 

Carbon stars, 265-266 

Cartesian coordinate system, 
P-33-P-34 

Cartwheel Galaxy, 420 

Cascade, 160 

Cassini's division, 127 

Cassiopeia, radio spectrum of, 292 

Cataclysmic variable stars, 363-364 

Cavendish, Henry, 14 

CBR, see Cosmic background radia- 
tion . 

CCD, see Charge-coupled device 

cD galaxies, 416, 451 

Cdm, see Cold dark matter 

Celestial coordinate system, 48 

Celestial equator, 37 

Celestial mechanics, 2 

Celestial meridian, 35-36 

Celestial poles, 36 

Celestial sphere, reference circles 
on, 36 

Centaurus A, 473 

jet from, 475 
nucleus of, 475 

Centaurus X-3, 376 

Central bulge (of galaxy), 278, 280, 
401 

Central eclipse, 243 

Central force, P-6 


Central pressure 
of Mercury, 81 
of Sun, 311 
of Venus, 86 
Centrifugal force, P-7 
Centripetal acceleration, 12, P-4 
Centripetal force, P-7, 12-13 
Cepheid variable stars, 352, 
353-356 
distances to, 439-440 
HST imaging of, 443 
period-luminosity (P-L) relation- 
ship for, 356, 433-434 
Ceres, 28, 134 . 
Chandrasekhar limit, 334 
Channels, on Mars, 93-95 
Charge-coupled device (CCD), 
191-192, 415, 474 
Charged particles, 73, 159 
Charon, 53 
discovery of, 114-115 
eclipse of, 114 
physical characteristics of, 
115-116 
Chemical composition 
of Solar System, 144-145 
and stellar evolution, 324-326 
Chip, CCD as, 191 
Chondrites, 140, 141, 147 
Chondrules, 140, 147 
Christy, James, 114 
Chromosphere, 201, 207 
fine structure of, 208 
spectrum of, 207-208 
temperature of, 204, 207 
transition with corona, 
208-209 
Circle, 9 
Circular orbits 
in eclipsing binaries, 243, 244 
galactic, 385 
Circular polarization, 153 
Circular speed, P-10 
Circular velocity, P-10 
Clark, Alvan, 335 
Classical doubles, 471 
Clausius, R., P-12 
Clementine spacecraft, 64 
Clouds 
of comets, 136-137 
dark, 305, 357 
diffuse neutral, 299 
of galaxian clusters, 453 
giant molecular, 296-297 
of Jupiter, 101-102 
molecular, 299, 306 
Oort’s, 136-137 
proto-Galaxy, 406 
of Uranus, 111 
velocity of, 397 
of Venus, 87 
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Clusters, see also Moving clusters 
of galaxies, 278, 446-452, see also 
Galaxian clusters 
globular, 277 
H-R diagrams of, 326-328 
open, 278, 398 
of stars, 260, 356, 383-385 
CNO cycle, P-25, 315, 316 
COBE, see Cosmic Background Ex- 
plorer 
Coefficient of extinction, 287 
Cold dark matter (cdm), 510 
Collapse 
free-fall, P-22, 319, 
gravitational, P-22—P-23 
with rotation, 300 
size scale for, 299 
of solar-mass protostar, 319-320 
time scale for, 300 
Collision, growth by, 145 
Collisional broadening, 170 
Collisional de-excitation, 163 
Collisional excitation, 162 
Collisional radiative process, P-29 
Color 
of galaxies, 420-422 
of planets, 24 
of quarks, P-18 
Color-color diagram, 264 
Color excess, 230, 285—287 
Color index (CI), 229-231, 257, 285 
Color-magnitude diagram, 260 
for globular cluster, 262 
for Pleiades, 262 
Coma, of comet, 135 
Coma cluster, 447, 449 
Coma supercluster, 455 
Comet cloud, 29, 136-137 
Comets, 28-29, 135-139 
crash on Jupiter of, 138-139 
formation of, 146-147 
Giacobini-Zinner, 136 
Halley’s, 29, 49-50, 136, 137-138 
long-period, 28 
as meteoroid source, 140 
model of, 136 
nucleus of, 135-136 
parts of, 135 
and Roche limit, 49-50 
Shoemaker-Levy 9, 138-139 
short-period, 29 
solar wind effect on, 135, 136 
sungrazing, 50 
tidal forces of, 49-50 
Comoving coordinates, P-35, 491, 
Compact radio galaxies, 471 
Companion star, 236 
Comparative evolution, of terres- 
trial planets, 96-97 
Comparative planetology, 79 
Compression (P) waves, 57 
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COMPTEL, see Imaging Compton 
Telescope 
Compton Gamma Ray Observa- 
tory, 188, 377 
Compton mechanism, P-28 
Computer-processed images, 190, 
191 
Condensation sequence, 144, 145 
Conduction, 41, 312 
Cone diagrams, 454, 455, 456 
Conic section, P-7, 9 
Conjunction, 4, 55 
Conservation 
of linear momentum, 11 
of magnetic flux, 337 
of mass, 494 
of total energy, 17-18 
of total linear momentum, 12 
Conservative force, P-5 
Constant acceleration, 40 
Constellations, 2-3 
Contact binary systems, 245 
Continental drift, 60 
Continuous absorption, of photos- 
phere, 204-205 
Continuous emissions, of quasars, 
480 
Continuous radio emission, 
291-292, 425 
Continuous spectrum, and Kirch- 
hoff’s rules, 176 
Continuum, 164 
absorption, 164 
emission, 164 
opacity in Sun, 205 
of orbits, 160 
Contraction 
gravitational, 313-314 
of length, P-15 
Contravariant vectors, P-33 
Convection, 41, 312 
in Earth’s mantle, 60 
in Sun, 201 
Convection cells, 201 
Convective zone, 200, 312 
of Sun, 201, 221, 312 
Convergent point, 384 
Cooling 
of universe, 505, 509 
of white dwarfs, 335 
Coordinated Universal Time, 35, 37 
Coordinates 
comoving, 491 
in general relativity, 491-492 
Coordinate systems, P-3—P-4 
Cartesian, P-33-P-34 
celestial, 48 
galactic, 274 
Copernicus crater, 62, 63, 64 
Copernicus, Nicolaus, P-2, 4 
heliocentric model of, 4-7 


Core, see also Interior 
of Earth, 57-58, 76 
liquid outer, 57 
of Mars, 91 
of Mercury, 82, 84 
of Moon, 59 
solid inner, 57 ' 
of Sun, 200 
Core-halo model, of superclusters, 
453 
Core-mantle grain models, 289 
Coriolis acceleration, P-4, 40 
Coriolis effect, 40-41 
on launched projectiles, 39-41 
Coriolis, Gaspard Gustave de, 40 
Corona, 201, 210 
gas in, 213 
line emissions from, 211-213 
loops of, 212-213, 359 
quiet Sun, 210-211 
radio, 211 
temperature of, 207 
visible, 210-211 
Coronal holes, 212-213 
Coronal interstellar gas, 298, 299 
Coronal mass ejections, 218 
Coronal streamers, 211, 218 
“Coronium” lines, 211 
Correlation function, two-point, 
456 
Cosmic Background Explorer 
(COBE), 498 
Cosmic background radiation 
(CBR), P-36—P-37, 458, 496, 
510 
Cosmic expansion 
Hubble’s discovery of, 435-436 
physical meaning of, 436-437 
Cosmic nucleosynthesis, 505-507, 
513 
Cosmic rays 
acceleration of, 408 
observations of, 407 
primary, 407 
solar, 219, 220 
source of, 408 
Cosmological constant, P-35, 435 
non-zero, 493 
Cosmological principle, 491 
Cosmology, P-32, 488, 503 
models of, 492 
newest theories of, 503-514 
Newtonian, 489-490 
relativistic, 488 
Coulomb barrier, 505 
Coulomb’s law, 159 
Covariance, principle of, P-32 
Covariant vectors, P-33 
Crab Nebula, 408 
inner region of, 370, 371 
polarized photos of, 368 


pulsar, 343-345 

as supernova remnant, 369 
Craters, 62 

Barringer Meteor, 29 

of Earth, 29 

impact, 95-96 

of Mars, 95-96 

of Mercury, 82-83 

of Moon, 62-63, 97 

secondary, 62 

of terrestrial planets, 97 

of Venus, 87, 88 
Crescent phase, 6 

of moon, 55 
Cring, of Saturn, 127, 129 
Critical density, universe at, 504 
Cross products, P-3 
Crust, 56 : 

of Earth, 56, 59-60, 76 

of Mars, 91 

of Moon, 75 

of Venus, 89 
C stars, 265-266 
C-type asteroids, 134, 146 
Curvature 

of galactic rotation, 388-389 

of spacetime, P-34, P-39 

of universe, P-37—P-39 
Cybele, 133 
Cyclone, 41 
Cyclotron frequency, 105 
Cyclotron radiation, P-30 
Cygnus X-1, 375-376 
Cygnus A, 473 

CCD images of, 474 

supernova remnant in, 293 

radio mapping of, 474 


Dark clouds, 305, 357 
Dark matter, P-11, 400, 431 

baryons in, 511 

hot versus cold, 510 

questions about, 511, 513 
Dark nebulae, 284—285 
Davis, Raymond, 316 
DA white dwarfs, 335-336 
Day, 35 

on Earth, 36 

on Mercury, 81 

sidereal, 37 

solar, 37 
Daylight savings time, 37 
Death, of stars, 332-349, see also 

Stellar evolution 

Decay constant, 61 
Decoupling epoch, P-37 
De-excitation, 162 

collisional, 163 

radiative, P-28, 163 
dE galaxies, 419 
Degenerate electron gas, 334 


Degenerate gas pressure, 321 
Deimos, 118-119 
Density 
atmospheric effect on, 69 
of Earth, 56, 58 
electron, 167 
flux, 232 
mass, 252 
of Moon, 59 
number, 166 
of Pluto, 116 
Density contrast, 509 
Density waves 
model of, 405 
and spiral arms, 405-407, 428 
Derivatives 
spatial, P-4—P-5 
time, P-4 
Descartes, René, 11 
Detached binary systems, 245 
Detectors, in astronomy, 189-192 
Deuterium, 505 
Deuterons, 505 
deVaucouleurs, G., 416 
Differential gravitational forces, 
44-45, 46 
Differential perturbations, 50 
Differential rotation, 101 
Differential tidal acceleration, 45 
Differentiated (planet interiors), 24 
Diffraction, of light, 156 
Diffraction grating, 193 
Diffraction limit, 156 
Diffuse neutral clouds, 299 
Diffusion, of radiation, P-25 
Dilation, of time, P-15 
Dione, 125, 127, 128 
Dipole magnetic field, 71 
Directional derivative, P-4 
Direct orbits, 21 
Direct rotation, 23 
dIrr galaxies, 419 
Dirty snowball cometary model, 
136 
Discovery space shuttle, 188 
Disk, galactic, 278, 280 
Disk Population stars, 278 
Dispersion, 155, 193, 340 
Dispersion measure, 340 
Displacement law, Wien’s, 172-173 
Dissociated, 165 
Distance modulus, 227 
Distances 
to Cepheid variable stars, 
439--440 
to galaxies, 437-443 
in general relativity, 491-492 
to globular clusters, 440 
modern determination of, 
438-443 
to novae, 440 


to planets, 6-7 
redshift and, 434—436 
to supernovae, 440 
Distance scale, 437-443 
pyramid of, 439 
Distortion (S) waves, 57, 359 
Distribution function, P-29 
Divergence, P-5 
D,,-o relation, 441 
Doppler broadening, thermal, 
169-170 
Doppler, C. J., 157 
Doppler effect, 44, 156 
on waves, 156-157 
Doppler radar techniques, 80 
Doppler shift, 44 
of Arcturus, 381 
of binary systems, 239, 342 
and line profiles, 394 
relativistic, P-16, 477 
and rotation, 80 
and stellar speed, 380 
Dot products, P-3 
Double galaxies, 430 
Double-line spectroscopic binary 
systems, 239 
Double quasars, 483, 484 
Draconic month, 54 
Dredge-up 
first, 321, 329 
second, 321, 329 
Drunkard’s walk, P-25 
Dust 
in galactic center, 403 
interplanetary, 30, 140, 142-143 
interstellar, 275, 284-289, 287 
polarization by, 287 
removal from Solar System of, 
142-143 
Dust tails, in comets, 135, 138 
Dwarf galaxies, 419 
elliptical, 419 
irregular, 419 
Dwarf stars, 332-334, 338 
flares from, 358 
Dynamical LSR, 382 
Dynamical Universe, 490, 491 
Dynamics, of galaxy, 278-279 
Dynamo, 71 


E7 galaxies, 416, 419 
Eagle Nebula, 285 
Early-type spiral galaxies, 416 
Early-type stars, 256 
Earth 
age of, 60-61 
atmosphere of, 59, 67-70 
axis of, 48 
core of, 57-58 
evolution of, 75-76 
formation of, 147-148 
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in heliocentric model, 4-6 

interior of, 56-59 

magnetic field of, 70-74 

mantle of, 57-58 

mass of, 14, 54 

oblateness of, 42 

orbits around, 32 

revolution around Sun of, 42-44 

rotation of, 36-38, 39-42 

seasons of, 38-39 

seismic waves in, 57, 58 

similarities with Venus of, 89 

size of, 53 

surface of, 59-61 

tidal forces on, 45-47 

time systems of, 35-38 

wind patterns on, 41 
Earth-Moon system 

dimensions of, 53-54 

dynamics of, 54-56 

evolution of, 74-77 
Earthquakes, wave propagation in, 


Eastern elongation, 4 
Eccentricity, 8 
Echelle grating, 193 
Eclipse, 55 
in binary systems, 243 
lunar, 56 
of Pluto and Charon, 114 
solar, 56 
Eclipsing binary systems, 236, 241, 
242-246 
geometry of, 242 
V band observations of, 243 
Eclipsing-spectroscopic binary sys- 
tems, 244-245 
Ecliptic, 4 
plane of, 21 
and solar time, 36 
Eddington, Arthur S., 238 
Eddington-Barbier relation, 
174-175 
Edlen, B., 211 
Effective temperature, 232 
of stars, 246-248 
Efficiency, quantum, 189-190 
Einstein absorption coefficient, 171 
Einstein, Albert, 171, 435, 490 
Einstein’s field equations, 492-493 
Einstein’s theory of relativity, see 
General relativity; Special 
relativity 
Einstein X-Ray Observatory, 188, 
403, 426 
Ejecta, 62 
Ejecta blanket, 63 
Electric field, 153-154 
Electric field vector, 153 
Electromagnetic radiation, P-17, 
152, 507 
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Electromagnetic radiation, (Cont.) 
atmosphere’s effect on, 68-70 
Doppler effect on, 44 
quantum nature of, 157-158 
spectrum of, 154, 155, 183-189 
wave nature of, 152-157 

Electron, 159 
orbits of, 159-160 
scattering, 312 
shells of, 161 
in stars, P-26—P-27 
valence, 164 
wave nature of, 161 

Electron density, 167 

Electron gas, degenerate, 334 

Electronic transition, 165 

Electron pressure, 254 

Electron volt, 72, 162 

Electro-‘weak force, P-17 

Elemental abundances 
effects on spectra of, 265 
and stellar evolution, 325 

Elements, 159 
in photosphere, 207 
synthesis in stars of, 314, 326 

Ellipse, 7, 9 
geometric properties of, 8-9, 

15-16 
Kepler’s first law of, 7 

Elliptical galaxies, 415, 416, 421 
dwarf, 419 
jets from, 472-473 
modern understanding of, 442 

Elliptically polarized, 153 

Elliptical orbits 
law of areas, 15-16 
velocity curves for, 241 

Ellipticity, P-7 

Elongation, 4 

Emission, P-28 
coefficient of, 174 
continuum, 164 
free-free, 292 
measure, 292 
stimulated, 297 

Emission lines, 465-466, see also 

Line emissions 
commonly observed, 466 
of hydrogen, 294-295, 425-426 
molecular, 295-296 
from quasars, 476-478 
spectrum of, 163 
of Sun, 206 

Emission nebulae, 290-291 

Emitted wavelength, 239 

Enceladus, 125, 127 

Encke (comet), 29 

Endeavour, 189 

Endothermic reaction, 371 

Energy, 17 
continuum of, 164 


flow from planets of, 76, 103-104 
generation in stars of, 313-317, 
328 
intensity versus flux of, 157-158 
kinetic, P-5, 17 
of light, 157-158 
loss from Jupiter of, 103-104 
mass and, P-16 
potential, P-5, P-9, 17 
quasar sources of, 481 
rotational state of, 165 
solar, 39, 313-317 
total, P-5, 17, 160 
transport of, 312-313, 317 
vibrational state of, 165 
Energy density 
of corona and photosphere, 213 
of vacuum, 493 
Energy flux, 25, 172 
Energy-level diagram, 161-162 
for hydrogen, 162 
for maser, 297, 298 
Energy-momentum tensor, P-34 
Ephemeris second, 37 
Ephemeris time, 37 
Equations 
barometric, 68 
of hydrostatic equilibrium, 58 
of radiative transport, 312 
of state, P-27, 76, 311-312, 317 
of time, 37 
Equator 
celestial, 37 
galactic, 274 
inclination of, 23, 38 
Equilibrium 
excitation, 166-167, 253-254 
hydrostatic, P-20, 58, 252, 
310-311, 317 
ionization, 167, 254 
thermal, 166, 313, 317 
thermodynamic, 173, 251 
Equinox 
autumnal, 38 
precession of, 48 
vernal, 36, 38 
Equivalence, principle of, P-32, 490 
Equivalent width, 166 
of spectral line, 253 
Eratosthenes, 53, 54 
E ring, of Saturn, 129 
Eruptive variable stars, 352, 
363-364 
Escape velocity, P-9-P-10 
Ether, P-14 
Europa, 122, 123 
Evening star, 2 
Event horizons, 346 
Evolution 
of Earth, 75-76 
of galaxies, 462 


of interstellar gas, 298-299 
of main sequence stars, 320-324 
of Martian surface, 96 
of massive stars, 323-324 
of Milky Way Galaxy, 405-407 
of Moon, 75 
of planets, 76-77, 96-97 
of Population I stars, 320-323 
of stars, 318-326, 352 
of terrestrial planetary surfaces, 
84-85, 90-91, 96 
tidal, 47 
of Universe, 462, 512-513, 514 
Evolutionary lifetime, 77 
Evolutionary track, 318 
diagram of, 321 
of PMS star, 319 
Excitation 
Boltzmann’s equation of, 167, 
253-254 
collisional, 162 
equilibrium, 166-167, 253-254 
potential, 162 
radiative, 162 
ratio, 167 
Excited state, 162 
Exosphere, 67 
Expanding arm, 397 
Explosive variable stars, 352 
Extended atmosphere, 359 
expansion of, 361 
model of, 359 
Extended radio galaxies, 471, 473, 
476 
External superclusters, 454 
Extinction 
coefficient of, 174, 230, 231, 287 
corrections of, 230-231 
curve of, 288 
and dark nebulae, 284-285 
interstellar, 275-276, 288 
of light, 70 
Extreme paths, P-34 
Extreme Population II stars, 278, 
398 
Extreme ultraviolet lines, 212 


Faber-Jackson relation, 442 
Faber, S. M., 442 
Faculae, of photosphere, 218 
Families (of asteroids), 28 
Faraday rotation, 340, 408 
Faults, thrust, 83 
F corona, 210 
Fermions, P-17, P-29 
Fictitious force, P-7 
Field equations, P-34-P-35, 492-493 
Filaments, 208 

from Sun, 218 

from supernova, 298 
Fireball, primeval, 495 


Fireballs, 29 
First contact, in eclipsing binaries, 
244 
First dredge-up, 321, 329 
First law 
Kepler’s, P-2, 7 
Newton’s, P-2—P-3, 11, 12 
First-order extinction coefficient, 
231 
First quarter, 55 
Fisher, Richard, 440, 454 
Fission (nuclear), P-23 
Fission model, of Moon, 147 
Fizeau, Armand, 157 
Flares, see Solar flares 
Flare stars, 356-357, 357-358 
Flatness, of universe, 504, 508 
Flood plains, on Mars, 94 
Fluoresce, 291, 294 
Flux, 158 
bolometric, 231-232 
density, 232 
magnitude and, 226-227, 228 
momentum, 142 
total energy, 172 
Flux tubes, 222 
Focal length, of telescope, 179 
Focus, in telescope, 179 
Following spots, 217 
Forbidden lines, 163, 211-212, 293, 
362, 466 
Forbidden transitions, 163, 362 
Force 
central, P-6 
centrifugal, P-7 
centripetal, P-7, 12-13 
conservative, P-5 
definition of, 11 
differential gravitational, 44-45, 
46 
electromagnetic, P-17, 507 
electro-weak, P-17 
fictitious, P-7 ‘ 
gravitational, P-6, 507 
Lorentz, 72-73 
mediators of, P-18—P-19 
Newton’s laws of, 11-14 
nuclear, 507 
radiation, 142 
Forces of nature, P-17, 507 
Fornax cluster, 447 
Foucault, Bernard Leon, 41 
Foucault’s pendulum, 41-42 
Fourth contact, in eclipsing bina- 
ries, 244 
Fraction polarization, 287 
f ratio, 180 
Fraunhofer absorption spectrum, 
206—207 
Fraunhofer, Joseph von, 206 
Free-fall collapse, P-22, 319 


Free-free absorption, P-28 
Free-free emission, 292 
Free-free transition, 211, 291-292 
Frequency, 153 
cyclotron, 105 
relativistic, P-30 
Friction, tidal, 47 
Friedmann, A., 491 
F ring, of Saturn, 128, 129 
Full phase, 6 
of moon, 55 
Fused silica, 197 
Fusion reactions (nuclear), P-23 
at birth of universe, 505, 512-513 
in stars, 314-317, 328 


Galactic center 
dust in, 403 
gas in, 403 
mass distribution in, 404 
radio map of, 401, 402 
structure of, 396-397 
X-rays from, 403 
Galactic clusters, 260, 278, see also 
Galaxian clusters 
Galactic coordinate system, 274 
Galactic disk, 278, 280, 400 
gas distribution in, 396 
Galactic equator, 274 
Galactic halo, 278, 279, 400 
Galactic latitude, 274 
Galactic longitude, 274 
Galactic magnetic field, 408 
Galactic nucleus, 401, 404 
Galactic obscuration, 421-422, 460 
Galactic plane, 280, 281, 390 
Galactic rotation 
curvature of, 388-389 
differential, 385, 387 
geometry of, 386 
observed, 387 
Galactic warp, 396 
Galactocentric, 382 
Galaxian clusters 
classification of, 446-447 
irregular, 446 
luminosity function of, 446, 
449-450 
mass of, 461-462 
properties of, 449 
regular, 446 
Galaxies 
active, 465-476 
angular momentum of, 428 
cannibalism of, 451-452 
classification of, 415-420, 
428-429 
clusters of, 446-452, see also 
Galaxian clusters 
colors of, 420-422 
distances to, 435, 437-443 
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dwarf, 419 
elliptical, 415, 416, 421 
energies of, 429 
evolution of, 462, 509-511 
hydrogen content of, 425-426 
irregular, 415, 419, 421 
lenticular, 419 
in Local Group, 447 
luminosity of, 421-422, 449-450 
masses of, 422, 429-431 
normal, 426-427 
peculiar, 419-420 
radio, 425-426, 471-476 
Seyfert, 467-469 
sizes of, 421 
spectra of, 422-425 
spiral, 415, 416-419, 421, 467-469 
starburst, 467 
superclusters of, 452 
theoretical considerations of, 
427-431 
tidal forces between, 452 
visible light imaging of, 414--415, 
422-425 
X-rays from, 426-427 
Galaxy (Milky Way), 272 
21-cm data for, 393-395 
age of, 406 
central region of, 396-397 
cosmic rays in, 407 
distribution of stars in, 274-277 
dynamics of, 278-279 
evolution of, 278, 405-407 
gas distribution in, 395-396, 
397-404 
magnetic field of, 408-409 
mass distribution in, 279, 400, 
404 
model of, 279-281 
orbits of, 278-279 
rotation of, 385-390, see also 
Galactic rotation 
shape of, 272-274 
spiral nature of, P-10-P-11, 399, 
405-407 
star distribution in, 397-404 
structure of, 393-397, 405-407 
Galaxy M82, 452, 467 
Galaxy M87, 471-472 
jet of, 472 
radio emissions from, 473 
Galilean moons, 120, 146 
Galileo, Galilei, discoveries of, 6, 
11, 79, 217 
Galileo spacecraft 
Ganymede results from, 124 
asteroid results from, 134-135 
Gamma ray bursts 
stellar sources of, 376-377 
from Vela pulsar, 345 
Gamma ray telescopes, 188 


-8 Index 


Ganymede, 122, 124 
surface of, 124, 125 
water on, 122, 124 
Gas 
clouds of, 397, 509 
coronal, 298, 299 
degenerate electron, 334 
distribution in Galaxy of, 
395-396, 397-404 
intercloud, 297-298, 299 
interplanetary, 142-143 
interstellar, 290, 395-396 
ionized, 135, 200, 213-214 
outflow from young stars, 301, 
302 
perfect, P-27, 26, 252, 311 
pressure, degenerate, 321 
relativistic, 334 
in stellar atmospheres, 251-252 
from Sun, 142-143, 200, 213-214 
velocity of particles in, 26 
warping in galactic disk, 396 
Gaseous nebulae, transfer equation 
for, 175-176 
Gaspra asteroid, 134 
General obscuration, 284 
General relativity (GR), P-8, 
P-32-P-35, 435, 490-495 
development of, 488-490 
geometrical results of, 
491-492 
Geocentric model, 4 
Geocentric phases, 55 
Geodesics, P-34 
null, 491 
Giacobini-Zinner (comet), 136 
Giant impact model, of Moon, 147, 
148 
Giant molecular clouds, 296--297 
Giants 
mass loss from, 361 
red, 329, 332-333, P-26 
Gibbous phase, 6 
of moon, 55 
Giotto spacecraft, Halley’s Comet 
results from, 137-138 
GK Persei, model of, 366 
Glass ceramics, 197 
Glatzmaier, Gary, 57 
Globular clusters, 260, 277 


color-magnitude diagram for, 262 


distances to, 440 
distribution of, 277 
H-R diagrams of, 328 
luminosity function for, 440 
Globules, 284 
Glueballs, P-19 
Gluons, P-18 
GR, see General relativity 
Grad f, P-4 
Gradient, P-4 


Grand unification theories (GUTs), 
507, 513 
Granulation, in photosphere, 
201-202, 203 
Granules, 201 
Grating spectrographs, 193-194 
Gravitation 
acceleration due to, 13-14 
collapse due to, P-22—P-23 
force of, P-6, 44-45, 46 507 
in Newton’s laws, 12-13 
redshift due to, 336 
stellar contraction due to, 
313-314 
surface, 263, 264 
theory of, 489 
universal, P-3, 12-14 
Gravitational constant, P-3, 14 
Gravitational impact parameter, 
145 
Gravitational lenses, 413, 483 
Gravitational mass, 490 
Gravitational potential, P-9 
Gravity, see Gravitation 
Grazing incidence telescope, 188 
Great Attractor, 458 
peculiar motions and, 458-458 
Great Dark Spot, of Neptune, 113 
Greatest elongation, 4 
Great Red Spot, 101, 102 
Greenhouse effect, 86 
Greenwich mean time, 37 
Gregorian calendar, 38 
Grotian, W,, 211 
Ground-based astronomy 
infrared, 187 
optical, 182 
radio, 184-187 
Ground state, 160 
Groups (of asteroids), 28 
G spectral type star, 195 
Gum Nebula, 342 
Guth, A., 508 
GUTs, see Grand unification theo- 
ries 
Gyrofrequency, relativistic, P-30 
Gyroradius, 73 


H I regions, 291, 299 
H II regions, 285, 291, 299, 399 
Hadley cells, 41 
Hadrons, P-19 
Hale-Bopp (comet), 28 
Hale, George E., 217 
Hale telescope, 180, 181 
Half-life, 61, 316 
Hall, Asaph, 118 
Halley’s Comet, 29, 49-50, 136, 
137-138 
Giotto results from, 137-138 
nucleus of, 137 


Halo, galactic, 278, 279 
Harmonic law, P-2, P-7, 8, 16, 
30-31 
Haro, Guillermo, 305 
Harvard spectral classification sys- 
tem, 255-256, 257 
HDE 226868, 375 
Hdm, see Hot dark matter 
Head-tail galaxies, 476, 477 
Heat, see also Temperature 
excess from Saturn, 108 
internal source of, 25 
of Jovian planets, 103 
loss from planets, 75 
Heavy metal oxide stars, 266 
Height, scale, 68 
Heisenberg uncertainty principle, 
161, 169 
Heliocentric model, 4-7 
planetary configuration in, 4-5 
proof of, 42-44 
retrograde motion in, 5 
Heliocentric parallax, 224-225 
Helioseismology, 201 
Helium, see also Alpha particles 
burning of, 316-317 
cosmic abundances of, 506-507 
ionized, 354 
nucleus of, 316 
partial ionization zone, 355 
in stars, 314 
Helium flash, 322 
Helix Nebula, 294 
Henry Draper Catalogue, 255 
Herbig, George, 305 
Herbig-Haro objects, 305, 306 
Hercules cluster, 450 
Hercules constellation, 225 
Hercules supercluster, 456 
Herschel, William, 109, 226, 383 
Hertz (unit), 153 
Hertzsprung, Ejnar, 259 
Hertzsprung-Russell diagrams, see 
H-R diagrams 
Hewish, Anthony, 339 
Hey, John S., 184 
Higgs boson, 507 
High-dispersion spectrum, 255 
Highlands, 62, 64 
of Mercury, 82, 83 
of Moon, 62, 64 
High-mass X-ray binaries 
(HMXRB), 374 
High-velocity clouds, 397 
High-velocity objects, 390 
High-velocity stars, 390 
Hipparchos satellite, 225 
HMXRBs, see High-mass X-ray bi- 
naries 
Homogeneity, P-35 
of universe, 504 


Honeycomb mirrors, 197 
Horsehead Nebula, 284, 285 
Hot dark matter (hdm), 510 
Hot emission line stars, 265, 
361-362 
Hour angle, 36 
H-R diagrams, 254, 259-267 
asymptotic giant branch of, 322 
of clusters, 326-328 
of DA white dwarfs, 336 
evolutionary tracks of stars on, 
318, 323, 327, 328 
red giant branch of, 321 
interpreting, 326-328 
of T Tauri stars, 357 
of variable stars, 353 
of x-ray bursts, 267 
Hubble, Edwin, 415, 434 
Hubble flow 
deviations from, 459 
and superclusters, 458 
Hubble parameter, P-36 
Hubble’s constant, 434 
better resolution of, 438, 443 
evaluating, 437 
parametrizing equations with, 436 
Hubble’s law, P-36, 434436 
Hubble Space Telescope (HST) 
and Cepheid variable stars, 443 
in determining distances, 438 
development of, 188-189 
images from, 106, 116, 138-139, 
189, 370, 413 
Hubble time, 436 
Hulse, Russell, 342 
Hyades 
cluster of, 225 
motions of, 384 
Hydrogen 
Balmer lines of, 168 
Bohr’s atomic model of, 160-161 
clouds of, 397 
emission lines of, 290-291, 
294-295, 425-426 
energy-level diagram for, 162 
in galaxies, 425-426 
ground-state configuration of, 
294 
in interstellar gas, 294-295 
ionized, 461, 204-205 
mass fraction of, 252 
metallic, 102 
neutral, 461 
spin alignment in, 294 
in stars, 314 
Hydrosphere, 60 
Hydrostatic equilibrium, P-20, 58, 
252, 310, 317 
in stars, 310-311 
Hydroxyl radical, in interstellar 
gas, 295 


Hyperbola, 9 
Hyperfine splitting, 294 


Iapetus, 125, 127, 128 
Ice 
on Callisto, 126 
on Ganymede, 125 
Earth’s polar, 39 
in interstellar grains, 289 
Ida asteroid, 134-135 
Igneous rocks, of Moon, 65, 66 
Images 
from convex lens, 180 
processing of, 190, 191 
from telescope, 179 
Imaging Compton Telescope 
(COMPTEL), 188 
Impact craters, 87, 88, 95-96, see 
also Craters 
Impact model, of Moon, 147, 
148 
Inclination, 236 
equatorial, 23, 38 
Index of refraction, 70, 155 
Inertia, law of, P-2—P-3, 10-11, 12 
Inertial frames, 489 
Inertial mass, 490 
Inferior conjunction, 4 
Inferior planets, 4, 5 
Infinite redshift, 346 
Inflation theory, of universe, 503, 
508-509, 513 
Infrared Astronomical Satellite 
(IRAS), 187, 426 
nebulae images from, 303, 305, 
306 
Infrared astronomy, ground-based, 
187 
Infrared radiation 
detection of, 183, 187 
from galaxies, 426 
of interstellar grains, 289 
from Saturn, 108 
wavelengths of, 154, 155 
Infrared Tully-Fisher relationship 
(IRTF), 441 
Injection speed, 31 
Inner core, solid, 57 
Inner magnetosphere, 104 
Inner radiation belt, 72, 74 
Instability limit, 48-50, 50 
Instability strip, 353 
Insulation, solar, 39 
Intensity, P-29, 158, 166 
monochromatic, 158 
of spectral lines, 166-169 
Interarm region, 281 
Intercloud gas, 297-298, 299 
Interference, of light, 156 
Interferometer 
geometry of, 186 
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radio, 186 
stellar, 247 
Interferometry, 185-186 
aperture synthesis, 197 
speckle, 247-248 
stellar diameters from, 246-248 
Intergalactic matter, 460-461 
Interior, 23-24 
of Earth, 56-59 
of Jupiter, 102-103 
of Mars, 91 
of Mercury, 81, 82 
of Moon, 59 
of Pluto, 116 
of Saturn, 109 
of Uranus, 111 
of Venus, 85, 86 
Intermediate-velocity clouds, 397 
Internal heat source, 25 
International Cometary Explorer 
(ICE), 135 
International Ultraviolet Explorer 
(IUE), 188 
Interplanetary dust, 30, 140, 
142-143 
Interplanetary gas, 142-143 
Interplanetary travel, 32 
Interpulse, 343 
Interstellar absorption, 275-276 
Interstellar dust, 275, 284-289 
grains of, 287-289 
Interstellar extinction, 231, 275-276 
curve of, 288 
Interstellar gas, 290 
coronal, 298, 299 
evolution of, 298-299 
molecules in, 295-296 
nature of, 290-298 
Interstellar grains, 287 
models of, 289 
nature of, 288-289 
Interstellar medium (ISM), 284 
Interstellar molecules, 295 
Interstellar optical absorption lines, 
290 
Interstellar polarization, 287 
Interstellar radio emission lines, 
294-297 
Interstellar reddening, 230, 285, 286 
Intrinsic variable stars, 352 
Invisible astronomy, 183-189 
Io, 120-121 
Ionization, 162, 163-164 
equilibrium, 167, 254 
potential, 164, 165, 167 
Ionization zone, helium partial, 355 
Ionized, 163 
Ionized gas tail, 135 
Ionized helium, 354 
Ionized hydrogen, 204-205 
as intergalactic matter, 461 
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Ionosphere, 26, 68 
Ions 
excitation potentials for, 165 
of hydrogen, 204-205 
spectra, of, 164 
IRAS, 305, see Infrared Astronomy 
Satellite 
Iron, Doppler broadening for, 
169-170 
Iron meteorites, 140, 141 
Irregular galaxian clusters, 446 
Irregular galaxies, 415, 419, 421 
Irr I galaxies, 419 
Irr II galaxies, 419 
IRTF, see Infrared Tully-Fisher rela- 
tionship 
ISM, see Interstellar medium 
Isochrones, 326 
Isoelectronic series, 164 
Isophotal level, 421 
Isothermal perturbations, 509 
Isotopes, 60, 159 
Isotropy, P-35 
of universe, 504 


Jackson, R. E., 442 

Jansky, Karl, 184 

Jeans, James, 509 

Jeans length, 509 

Jeans mass, P-23 

Jets, 473 
of Centaurus A, 475 
of Galaxy M87, 472 
of quasars, 477, 482 
relativistic, 482 
X-ray emitting, 475 

Johnson, H. L., 228 

Jovian planets, 20, 100 
atmospheres of, 26 
interiors of, 24 
internal heat of, 103 
moons of, 27-28 

Jupiter 
atmosphere of, 101-102 
aurora of, 106 
clouds of, 101-102 
comet crash on, 138-139 
interior of, 102-103 
magnetic field of, 104-105 
moons of, 120-125 
orbit of, 100 
physical characteristics of, 

101-102 

resonances of, P-12 
rings of, 125, 127 
rotation of, 100-101 
similarities with Saturn, 107, 108 


Kamiokande II, 372 
K corona, 210 
K correction, 422 


Keck Telescopes, 182, 183 

Keenan, P. C., 262 

Kemp, James, 338 

Kepler, Johannes, 6-7 

Kepler’s laws of planetary motion, 
P-2,7 

applied to binary systems, 236, 

238 


first law, P-2, 7 
physical interpretation of, 14-18 
second law, P-2, 8, 15-16 
third law, P-2, 8, 16, 30-31, 47, 
236, 238, 279 
Kinetic energy, P-5, 17 
Kirchhoff, Gustav, 176 
Kirchhoff’s rules, 176 
Kirkwood gaps, 28 
Kitt Peak Observatory, radio dish 
at, 185 
Kohoutek (comet), 28 
Kramer’s law, 317 
Kuiper belt, 137 


Large Magellanic Cloud (LMC), 
356, 372, 416 
Lasers, microwave, 297 
Late-type spiral galaxies, 416 
Late-type stars, 256 
Latitude, galactic, 274 
Launching, of rockets, 31, 39-41 
Law of areas, 8, 15-16 
Law of conservation of linear mo- 
mentum, 11 
Law of inertia, P-2—P-3, 10-11 
Law of reactions, P-3 
Least energy orbits, 32-33 
Leavitt, Henrietta, 433 
Lemaitre equation, 492 
Length, proper, P-15 
Length contraction, P-15 
Lenses, gravitational, 483 
Lenses (in telescopes), 170-180 
Lens-maker’s formula, 180 
Lenticular galaxies, 419 
Leo, constellation of, 3 
Leptons, P-18 
LFBDDTW group, 441 
Light 
absorption of, 163 
atmosphere’s effect on, 69-70 
diffraction of, 156 
Doppler effect on, 44 
extinction of, 70 
intensity versus flux of, 157-158 
interference of, 156 
particle theory of, 157-158 
polarization of, 287 
quantum nature of, 157-158 
reflection of, 154-155 
refraction of, 154-155, 192-193 
scattering of, 69-70 


visible, 152-155, 422-425 
wave nature of, 152-157 
zodiacal, 30, 142 
Light curve, 242 
Light-gathering power, 180 
Lighthouse model, of pulsars, 340 
Light nuclei, 407 
Lightyear, 225 
Limb brightening, 211 
Limb darkening, 175, 202 
geometry of, 204 
in Sun, 202-204 
Linear momentum, P-5, 10 
law of conservation of, 11, 12 
Line blanketing, 252 
Line emissions, see also Emission 
lines 
at 21-cm wavelength, 394 
of corona, 211-213 
Doppler shifts and, 394 
of hydrogen, 290-291, 425-426 
radio, 291, 294-297, 425-426 
Line locking, 479 
Line of nodes, 55, 56 
LINERS, see Low ionization nuclear 
emission regions 
Liquid outer core, 57 
Lithosphere, 59-60 
LMC, see Large Magellanic Cloud 
LMXRBs, see Low-mass X-ray bina- 
ries 
Local Group, 437 
distances to, 437 
luminosity in, 450 
map of, 448 
members of, 447 
Local sidereal time, 36 
Local standard of rest (LSR), 
382-383 
characterizing, 387-388 
dynamical, 382 
Sun’s motions with respect to, 
383 
Local Supercluster, 454, 455 
Longitude, galactic, 274 
Longitudinal compression (P) 
waves, 57 
Longitudinal wave, 153 
Long-period comets, 28 
Long-period variable stars, 356 
Loop Nebula, 293 
Loop prominences, 218, 219 
Lorentz force law, 72 
Lorentz transformation, P-14 
Lowell, Percival, 93 
Low ionization nuclear emission 
regions (LINERS), 467 
Lowlands, of Moon, 64 
Low-mass X-ray binaries (LMXRB), 
374 
LSR, see Local standard of rest 


Luminosity, 173, 200, 312 
classification of, 260-264 
distances determined from, 226 
effect, 263 
of galaxies, 421-422 
Morgan-Keenan classification of, 

262, 263 
of novae, 363 
in pulsating stars, 355-356 
radiative transfer and, 313 
radio-infrared correlation, 426 
rotational velocity and, 440-441 
of stars, 226, 227, 232, 276-277 
stellar mass and, 238-239, 430 
of Sun, 313, 358 

Luminosity function, 276-277 
of galaxian clusters, 446 
of galaxies, 449-450 
of globular clusters, 440 
of planetary nebulae, 441 
Schechter, 451 

Lunar eclipse, 56 

Lunar highlands, 62, 64 

Lunar phases, see Moon 

Lunar surface 
composition of, 64-67 
samples of, 66 
visible structures on, 62-63 

Lundmark, K., 434 

Lyman-alpha forest, 479 

Lyman series, 161 


M16, star formation in, 304—305 
M67, 326, 327 
MACHOs, see Massive compact 
halo objects 

Magellan, 88 
Magellanic stream, 397 
Magnetic buoyancy, 222 
Magnetic fields, 153 

charged particles in, 73 

comparison of planetary, 104 

dipole, 71 

of Earth, 70-74 

of Galaxy, 408-409 

of Jupiter, 104-105 

of Mars, 96 

of Mercury, 84 

of Moon, 70-71 

of pulsars, 341 

of Saturn, 109 

of solar nebulae, 144 

of stars, 300-301 

of Sun, 208, 212, 213, 214, 217 

of Uranus, 111 

of Venus, 89-90 

of white dwarfs, 337-338 
Magnetic flux, 337 
Magnetic moment, 294 
Magnetic monopoles, 507 
Magnetic polarity, of sunspots, 215 


Magnetic reconnection, 74 
Magnetic variable stars, 356-357, 
358 
Magnetism, see Magnetic fields 
Magnetograph, 218 
Magnetopause, 71 
Magnetosphere, 71-74, 341, see also 
Magnetic fields 
of Jupiter, 104-105 
of Mercury, 84 
of pulsars, 341 
of Saturn, 109 
of Uranus, 111 
Magnifying power, 181 
Magnitude 
absolute, 227, 260, 276 
apparent, 226, 275 
bolometric, 231—2322 
fluctuations in, 442 
and flux, 226-227, 228 
photographic, 227 
and redshift, P-38—P-39 
scale of, 226 
systems for stars, 227-229 
versus color, 260 
visual, 227, 232, 260 
and wavelength, 227-232 
Main sequence stars, 261, 318 
evolution of, 320-324 
fitting technique, 266 
zero-age, 320 
Mantle 
of Earth, 57-58, 60 
of interstellar grains, 289 
of Mars, 91 
of Mercury, 82 
Mare basins, 64 
Maria, 62, 64 
Mariner 10 space probe, 82, 84, 87 
Mars 
atmosphere of, 92 
craters on, 95-96 
evolution of, 96, 97 
interior of, 91 
magnetic field of, 96 
as meteorite source, 142 
moons of, 118-119 
orbit of, 91 
physical characteristics of, 91 
polar caps of, 93 
retrograde motion of, 3, 5 
surface of, 92-96 
water on, 92, 94 
Marsden, Brian, 139 
Masers, P-28, 297, 298 
Mass, 11 
atomic, 159 
center of, 16, 54, 55, 237 
conservation of, 494 
continuity, 311, 317 
distribution in Galaxy of, 400, 404 
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and energy, P-16 
of galaxian clusters, 461462 
of galaxies, 422, 429-431 
in general relativity theory, 490 
gravitational, 490 
inertial, 490 
Jeans, P-23 
limit in white dwarfs 
of Milky Way Galaxy, 279, 404 
and momentum, P-16 
in Newton’s laws, 11, 13 
of stars, 236-239, 320-324, 332, 
334, 361 
statistical, 242 
of subatomic particles, 507 
Mass defect, 314 
Mass density, 252 
Mass fraction, 252, 311 
Mass function, 241, 242 
Massive compact halo objects 
(MACHOs), 400, 511 
Massive stars 
birth of, 301-305 
evolution of, 323-324 
Mass-luminosity (M-L) relation- 
ship, 238, 318, 430 
Mass-to-light ratio, 462, 511 
Matter 
nature of, 158-176 
versus antimatter, 513 
Matter era, 497 
Mauna Kea, telescopes on, 182, 183 
Maunder minimum, 216 
Maury, Antonia, 261 
Maxwellian distribution, 26 
Mean density, of Earth, 56 
Mean molecular weight, 68, 252, 312 
Mean parallax, 225 
Mean solar day, 37 
Mean solar time, 37 
Mean Sun, 37 
Mechanics 
celestial, 2 
Newtonian, 10 
quantum, 159 
of solar system, 30-33 
Mediators, P-18 
Megamasers, 485 
Mercury 
atmosphere of, 82 
evolution of, 84-85 
interior of, 81-82 
least-energy orbit to, 32-33 
magnetic field of, 84 
orbit of, 23, 80-81 
physical characteristics of, 81-82 
rotation of, 80--81 
similarities with Moon, 82-83, 
84-85 
solar day on, 81 
surface of, 82-83 
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Meridian, celestial, 35-36 
Merope, 288 
Mesons, P-19 
Mesosphere, 67 
Messier 16, 271, 285 
Messier, Charles, 272 
Metal abundances 
and ages of stars, 397-398 
and stellar evolution, 325 
and stellar populations, 260, 
397-398 
Metallic hydrogen, on Jupiter, 102 
Metastable energy levels, 211 
Meteorites, 139 
formation of, 146-147 
impact craters from, 62-65 
iron, 140, 141 
from Mars, 142 
nickel-iron, 141 
sources of, 140-142 
stony, 140 
stony iron, 140 
Meteoroids, 29, 139-142 
low-density, 140 
sources of, 140-142 
Meteors, 29, 139, 140 
Meteor shower, 29, 30 
Meton, 56 
Metonic cycle, 56 
Metric 
Robertson-Walker, P-35, 491, 493 
of spacetime, 491 
tensors, P-33 
Michelson interferometer, 247 
Michelson-Morley experiment, P-14 
Michigan Spectral Catalogue, 260, 
261 
Microwaves 
background radiation of, 498, 504 
lasers, 297 
wavelengths of, 154, 155 
Middle magnetosphere, 104 
Midnight sun, 39 
Milky Way Galaxy, 272, 273, see also 
Galaxy 
dust obscuration in, 421-422, 460 
as member of Local Group, 447 
motions of stars in, 380-390 
rotation of, 385-390 
and Zone of Avoidance, 460 
Millisecond pulsars, 340, 342 
MINCOS, see Near-infrared and 
multi-object spectrometer 
Minimum resolvable angle, 181 
Minor planet, 28 
Miranda, 31, 130, 131 
Mira variable stars, 356 
Mirror points, 72, 73 
Mirrors (telescopic), 170-180 
in Hubble Space Telescope, 
188-189 


in Keck telescope, 184 
new types of, 197 
M-K classification, see Morgan- 
Keenan luminosity classifi- 
cation 
M-L relationship, see Mass- 
luminosity relationship 
Mnemonics, for spectral classifica- 
tion, 256 
Molecular clouds, 299, 306 
giant, 296-297 
Molecular emission lines, 295—296 
Molecular masers, 297 
Molecular transitions, 165 
Molecular weight, mean, 68, 252, 
312 
Molecules, 164 
interstellar, 295 
outflow from stars, 301, 302 
spectra of, 164-165 
Momentum 
angular P-5-P-6, 15-16, 143 
energy and, P-34 
flux, 142 
linear, P-5, 10, 11, 12 
mass and, P-16 
Monochromatic intensity, 158 
Month, 37 
sidereal, 54 
synodic, 54 
Moon (of Earth), see also 
Earth-Moon system; Lunar 
surface; Lunar eclipse 
atmosphere of, 67 
craters on, 97 
density of, 59 
formation of, 75, 147-148 
highlands of, 62, 64 
interior of, 59 
magnetism of, 70-71 
as meteorite source, 141-142 
occultation by, 1, 247 
orbit of, 47, 54—55 
phases of, 6, 55 
rocks and soil of, 65-67 
similarities with Mercury of, 
82-85 
size of, 53-54 
surface of, 61-67 
tidal forces of, 45-47 
Moonquakes, 59 


Moons, 27, see also Satellites; Moon 


(of Earth) 

of Jupiter, 120-125 

of Mars, 118-119 

of Neptune, 131-132 

of Saturn, 125, 127, 128 

sizes of, 54 

of Uranus, 110, 130-131 

Morgan-Keenan (M-K) luminosity 

classification, 262, 263 


Morgan, W. W., 262 
Morning star, 2 
Morphological mix, of galaxies, 
420 
Most probable speed, 26 
Motions, see also Orbits; Rotation 
bulk, 458 
of Earth-Moon system, 54-56 
of Hyades, 384 
of Jupiter, 100-101 
of Mars, 91 
of Mercury, 80-81 
of Neptune, 112 
peculiar, 383, 458 
of planets, 21-23 
proper, 381 
retrograde, 2-3, 5 
of Saturn, 107 
of Sirius, 237 
of stars, 380-382, see also Stellar 
motions 
superluminal, 481-483 
of Uranus, 110 
of Venus, 85 
Mountains (of Moon), 62 
Moving clusters, 225, 383-385 
geometry of, 384 
method of, 266 
parallaxes of, 384 
M-type asteroids, 134 
Multi-slit spectroscopy, 195 


Naked T-Tauri stars (NTTS), 305 
Narrow line region (NLR), 468, 484 
Natural broadening, 169 
Neap tides, 47 
Near-infrared and multi-object 
spectrometer (MINCOS), 303 
Nebulae, 274, see also Interstellar 
as 
dark, 284-285 
emission, 290-291 
gaseous, 175-176 
images of, 285, 288, 293, 294, 303, 
305 
models of, 143-144 
planetary, 322, 332, 362, 441 
reflection, 287-288 
solar, 143-144 
Negative hydrogen ion, 204-205, 
461 
Neptune 
discovery of, 112 
moons of, 131-132 
motions of, 112 
orbits of, 22 
physical characteristics of, 
112-113 
rings of, 131-132, 133 
similarities with Uranus of, 112 
Nereid, 131 


Neutral hydrogen, emission lines 
of, 294-295, 425-426, 461 
Neutrinos, 315, 507 
from Sun, P-25—P-26, 316 
Neutrons, 159 
Neutron stars, 338, see also Pulsars 
physical properties of, 338-339 
rotating, 339-342 
New phase, 6 
of moon, 55 
New Technology Telescope (NTT), 
183 
Newton (unit), 13 
Newtonian cosmology, 489-490 
Newton’s first theorem, P-9 
Newton’s forms of Kepler’s laws, 
15-16 
Newton, Sir Isaac, 10-12 
Newton’s law of universal gravita- 
tion, P-3, 12-14 
Newton’s laws of motion 
first law (inertia), P-2—P-3, 11 
second law (force), P-3, 11 
third law (action reaction), P-3, 
12 
and tidal forces, 45 
Newton’s second theorem, P-9 
Nickel-iron meteorites, 141 
NLR, see Narrow line region 
Nodes 
line of, 55, 56 
regression of, 56 
Nodical month, 54 
Nomenclature, of variable stars, 
352-353 
Noncosmological redshifts, 
511-512 
Nonpulsating variable stars, 
356-357 
Nonrelativistic matter, 334 
Nonrelativistic stars, P-21—P-22 
Nonthermal processes, P-28 
Nonthermal radiation, 369 
Normal galaxies, x-rays from, 
426-427 
Northern Hemisphere 
and Coriolis effect, 41 
of Mars, 93, 96 
Nova, 363 
Novae, 363 
distances to, 440 
light curves of, 365 
Nova Persei, shell of, 366 
Nova V1500 Cygni, 364-366 
Nuclear bulge (of Galaxy), 274 
Nuclear fission, P-23 
Nuclear forces, 507 
Nuclear fusion, P-23, see also Ther- 
monuclear fusion reactions 
at birth of universe, 505 
in stars, P-23, 314-317, 328 


Nucleons, 497, 505 
rarity of, 504 
Nucleosynthesis, 314 
in Big Bang, 506 
cosmic, 505 
red giant’s role in, 329 
stellar, 505 
in supernovae, 371-372 
Nucleus (atomic), 159, 314, 407 
Nucleus (cometary), 135-136, 137 
Nucleus (galactic), 274, 280-281, 
401, see also Galactic nucleus 
of active galaxies, 467 
of Centaurus A, 475 
Nuclides, 159 
Null geodesics, 491 
Number density, 166 
Nutation, 48 
Nysa, 133 


OB associations, 304 
Oberon, 130 
Objective (lens), 180 
Oblateness, 22, 42 
Oblate spheroid, 42 
Oblique rotator, 358 
Obscuration 
galactic, 421-422, 460 
general, 284 
Observatories 
Compton Gamma Ray, 188, 377 
Einstein X-Ray, 188, 403, 426 
ground-based, 179-183 
in space, 187-189 
Observed wavelength, 239 
OB subgroups, 304 
Occultation, lunar, 1, 247 
Occupation number, P-29 
Of stars, 265 
Olympus Mons, 95 
OM1, 301-303, 304 
Oort cloud, P-8, 136-137, 147 
Oort constants, 386, 388 
Oort formulas, 386 
Oort, Jan, 29, 137, 385 
Opacity, 203, 312 
continuum of, 205 
Open clusters, 260, 278, 398 
Opposition, 2, 4 
Optical absorption lines, interstel- 
lar, 290 
Optical depth, 174, 203, 204 
Optically thick, 204 
Optically thin, 204 
Optical telescopes, 179-183 
ground-based, 182 
new generation of, 196-197 
Optics, 154, 197 
Orbital velocity, 16-17 
Orbits, see also Motions; Rotation 
aberration, 43 
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angular momentum and, 15-16 

apparent relative, 236 

apparent stellar, 43 

around Earth, 32 

of artificial satellites, 31-32 

of atoms, 159-160 

of binary systems, 236, 237, 243, 
244 


box, P-11 

circular galactic, 385 

direct, 21 

of Earth around Sun, 42-44 

elliptical, 8-9, 15-16, 21-23 

of galaxy, 278-279 

geometric properties of, 8-9 

of Jupiter, 100 

least-energy, 32-33 

of Mars, 91 

of Martian moons, 119 

of Mercury, 80-81 

of Moon, 54-55 

of Neptune, 112 

parallactic, 44, 45 

parking, 31 

perturbations in, 50 

physics of, P-2-P-3 

of planets, P-2—P-3, 7-10, 15-16, 

21-23 

quantized, 159-160 

real, P-8 

of Saturn, 107 

of stars, see Stellar motions 

of Sun, 281, 383 

of Uranus, 110 

of Venus, 85 
Order, of spectrum, 193 
Ordinary spiral galaxies, 416, 417 
Orion Nebula, 296, 297, 307 

spectrum of, 175, 292 

star formation in, 301-303 
Outer core, liquid, 57 
Outer magnetosphere, 104 
Outer radiation belt, 72 


Pacific Daylight Savings Time, 37 
PAHs, see Polycyclic aromatic hy- 
drocarbons 
Palomar Observatory Sky Survey, 
449, 453 
Parabola, 9 
Parallactic orbits, 44, 45 
Parallax, 43, 44 
of moving cluster, 384 
spectroscopic, 266-267 
stellar, 43-44 
trigonometric, 224-225 
Parent meteor bodies, 141 
Parking orbits, 31 
Parsecs, 225 
Partial eclipse, 243, 244 
Partial lunar eclipse, 56 
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Partial solar eclipse, 56 
Particles, see also Subatomic parti- 
cles 
alpha, 220, 316 
charged, 73, 159 
classification of, P-17—P-18 
physics of, 507-508 
statistical properties of, P-29- 
P-30 
versus antiparticles, 504 
weakly interacting massive, 510 
Particle theory of light, 157-158 
Paschen series, 161 


Pauli exclusion principle, P-17, 164, 


334 
P Cygni profile, 361 
Peculiar galaxies, 419-420 
Peculiar motions, 383 
and Great Attractor, 458 
Peculiar A stars, 265 
Pelée volcano, 121 
Penumbra, 215 
Penzias, Arno, 495 
Perfect gas, P-27, 26, 252, 311 
Perfect gas law, P-27, 252, 311 
Perigalacticon, 390 
Perihelion, 8 
Periodic table, 164 
Periodic variable stars, 356 
Period-luminosity (P-L) relation- 
ship, 355-356, 433-434 
Perseus supercluster, 454, 456, 
457 
Perturbations, 509-510 
adiabatic, 509 
differential, 50 
isothermal, 509 
Pfund series, 161 
Phases 
of Moon, 6, 55 
of planets, 6 
Phase shift, 156 
Phase space, P-29 
Phobos, 118-119 
Photino, 508 
Photodissociation, 505 
Photoelectric effect, 190 
Photoexcitation, P-28 
Photographic magnitude, 227 
Photography, in astronomy, 
189-190 
Photoionization, P-28, 312 
Photometric bands, 228 
Photomultiplier, 190 
Photons, 157 
detection of, 190, 192 
energy of, 162-163 
in masers, 297 
positive-energy, 161 
stimulated emission of, P-29 
from Sun, 200, 220 


Photosphere, 200, 201-207 
elements in, 207 
granulation in, 201-202, 203 
spectral lines from, 206-207 
of stars, 251-252 
temperature of, 202-204, 204, 252 
Phototubes, 190-191 
Physics 
of Einstein, P-8, P-32—P-35, 435, 
490-495 
Newtonian, P-2—P-3, 10-14 
of particles, 507-508 
Piazzi, Giuseppe, 28 
Pioneer 
Saturn results from, 128 
Venus results from, 86, 88 
Pixel, in CCD, 191 
Plages, in chromosphere, 208, 218 
Planck blackbody radiation density 
law, 171 
Planck curve, 25 
Planck, Max K. E. L., 171 
Planck’s constant, 157 
Planck’s radiation law, P-29, 
171-172 
Plane-polarized, 153 
Planetary evolution, see Planets; 
Evolution 
Planetary nebulae, 293--294, 322, 
332, 362 
forbidden lines of, 362 
luminosity function for, 441 
Planetary precession, 48 
Planetary systems, formation of, 
306-307 
Planetesimals, 144, 146, 147 
Planetology, comparative, 79 
Planets, 20 
accretion of, 145-146 
atmospheres of, 26 
chemical condensation sequence 
of, 144-145 
color of, 24 
distances to, 6-7 
evolutionary models of, 76-77 
formation of, 144-145, 306-307 
inferior, 4, 5 
interiors of, 23-24 
Jovian, 20, 100, see also Jovian 
planets 
orbits of, 4, 7-10, 15-16, 21-23 
phases of, 6 
retrograde motion of, 2-3 
sizes of, 21 
superior, 4, 5 
surfaces of, 24—26 
temperature of, 112-113 
terrestrial, 20, 23-24 
Plaskett crater, 66 
Plasma, 200, 312 
sheet, 71, 74 


of solar wind, 213-214 
tail, 135 
Plateaus, upland, 87 
Plate scale, 180 
Plate tectonics, 60 
Pleiades, 260, 262, 288, 326, 327 
P-L relationship, see Period-lumi- 
nosity relationship 
Pluto 
atmosphere of, 114 
density of, 116 
discovery of, 113-114 
eclipse of, 114 
images of, 115 
interior of, 116 
mass of, 115 
orbits of, 22 
PMS stars, see Pre-main sequence 
stars 
Pogson, N. R., 226 
Polar regions 
of Earth, 39 
of Mars, 93 
of Moon, 65 
Polarization, 153-154 
fraction, 287 
interstellar, 287 
Poles 
celestial, 36 
galactic, 274 
Poloidal field, 221, 222 
Polycyclic aromatic hydrocarbons 
(PAHs), 288, 289 
POM, from comets, 138 
Population I stars, 260, 278, 281, 
398, 399 
colors of, 420 
evolution of, 320-323 
and spiral tracers, 398 
Population II stars, 260, 278, 400 
extreme, 278 
extreme halo, 398 
Population III stars, 504-505, 511, 
514 
Populations, stellar, 277-278 
Pores, and sunspots, 215 
Positive-energy photons, 161 
Positron, 315 
Post-main sequence stars, 318 
Potential 
excitation, 162 
gravitational, P-9 
ionization, 164, 165, 167 
Potential energy, P-5, P-9, 17 
Power 
light-gathering, 180 
magnifying, 181 
resolving, 180 
of star, 173 
of Sun’s energy, P-24 
of telescopes, 170-180 


Power law expansion, 492 
Poynting-Robertson effect, 143 
PP chains, see Proton-proton chains 
Praesepe cluster, 326, 327 
Preceding spots, 217 
Precession, 48 
Pre-main sequence (PMS) stars, 
318, 319 
Pressure 
atmosphere’s effect on, 69 
central, 81 
degenerate gas, 321 
in Earth’s interior, 58 
electron, 254 
radiation, 142, 312 
at Sun’s center, 311 
Pressure broadening, 264 
Pressure effect, 263 
Primary eclipse, 243 
Primary star, 236 
Primeval fireball, 495 
Principal quantum number, 160 
Principia, 10 
Principle of covariance, P-32 
Principle of equivalence, P-32, 490 
Prism spectroscopy, 192-193 
Procyon B, 335 
Projectiles 
Coriolis effect on, 39-41 
mechanics of launching, 31 
trajectories of, 39-41 
Prominences, 218 
Proper length, P-15 
Proper motion, 381 
Proper time, P-15 
Proto-Galaxy cloud, 406 
Proton-proton (PP) chains, P-24, 315 
PP I, 315 
PP II, 315 
PP III, 316 
Protons, 159, 220 
Protoplanets, 144 
Protostars, 318,319 
collapse of, 319-320 
solar-mass, 319-320 
Proxima Centauri, 44 
PSR 1937+21 pulsar, 342 
Pulsars, 339 
binary systems of, 342-343 
magnetic fields of, 341 
millisecond, 340, 342 
models of, 340-341 
physical properties of, 339-342 
supernovae and, 342-345 
X-ray, 374, 376 
Pulsating stars, 352, 353-356 
classes of, 354 
observed properties of, 354 
Pulsations 
damping of, 354 
mechanism of, 353-355 


Pumping (a maser), 297 
P-waves, 57 


Quadrature, 4, 55 
Quanta, 157 
Quantized orbits, 159-160 
Quantized radiation, 160 
Quantum efficiency (QE), 189-190 
Quantum mechanics, 159 
Quantum nature, of light, 157-158 
Quantum number, principal, 160 
Quarks, P-18 
annihilation of, 513 
bottom, 508 
top, 508 
Quarters, of moon, 55 
Quasar 3C 273 
477, 478 
emission lines from, 476 
motions in, 482 
Quasars, 476 
absorption lines of, 478-479 
black holes as model for, 481 
broad absorption line (BAL), 478 
emissions from, 476-478, 480 
double, 483, 484 
energy sources in, 481 
model for, 483-485 
optical variability of, 480 
problems with, 480-485 
redshifts in, 480 
spectra of, 478-479 
superluminal motions in, 
481-483 
Quasi-stellar objects, 476 
Quiescent prominences, 218 
Quiet Sun corona, 210-211 


Radar mapping, of Mercury, 80 
Radial speed, 380 
Radial velocity, 194 
curves of, 240, 353, 354 
of galaxies, 435 
Radiant, 29 
Radiation 
blackbody, 24-25, 173, 497, 499 
cosmic background, P-36—-P-37, 
510 
cyclotron, P-30 
diffusion of, P-25 
electromagnetic, 152 
energy transport by, 41 
mechanisms of, 465-466 
Planck’s law of, P-29, 171-172 
processes of, P-28-P-31 
quantized, 160 
synchrotron, P-29, P-30-P-31, 
106, 369 
Radiation belts, Van Allen, 72-73 
Radiation era, P-37, 497 
Radiation force, 142 
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Radiation pressure, 142, 312 
Radiative de-excitation, 163, P-28 
Radiative excitation, 162 
Radiative transfer 
equation of, 174 
solar luminosity from, 313 
Radiative transport equation, 
312 
Radiative zone, 200, 312 
Radioactive decay, 60 
Radio astronomy, ground-based, 
184-187 
Radio bursts, of solar flares, 220 
Radio corona, 211 
Radio dish, 184, 185 
Radio emissions 
of Cassiopeia, 292 
continuous, 291-292, 425 
from Galaxy M87, 473 
interstellar lines, 291, 294-297 
Radio galaxies, 425, 471-476 
bending sequence of, 476 
compact, 471 
extended, 471, 473, 476 
lobes from, 475 
model for, 483-485 
Radio interferometer, 186 
Radio jets, see Jets 
Radio lobes, 475 
Radio mapping 
of Cygnus A, 474 
of double quasars, 484 
of galactic center, 401, 402 
of Jupiter, 105 
Radiometric dating, 60 
Radio telescopes, 185, 425-426 
Radio-visible trail, 476 
Radio waves, see also Radio emis- 
sions 
21-cm data, 393-395 
from Crab Nebula pulsar, 344 
from galaxies, 425-426 
from pulsars 
in study of galactic structure, 
393-397 
wavelengths of, 185, 292, 339, 
393 
Radius, Schwarzschild, 346 
Radius vector, 8 
Rayleigh-Jeans distribution, 172 
Rayleigh scattering, P-28, 70 
Rays (of crater), 62 
Reactions, law of, P-3, 12 
Real orbits, P-8 
Reber, Grote, 184 
Recombination, P-28 
coefficient of, 291 
Recombine, 164 
Reddening, interstellar, 285, 286 
Red giant branch (RGB), of H-R 
diagram, 321 
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Red giants, P-26, 323, 329 
stellar wind from, 332-333 
Redshifts, P-36, 157, 381 
and distances, 434-436 
gravitational, 336 
infinite, 346 
and magnitude, P-38—P-39 
noncosmological, 511-512 
quantization of, 512 
in quasars, 480 
and volume, P-38 
Red Spot, of Jupiter, 101, 102 
Red supergiant, 323 
Reduced mass, 164 
Red variable stars, 356 
Reference stars, 381 
Reflecting telescope, 180 
Reflection, of light, 154-155 
Reflection nebulae, 287—288 
Reflective diffraction grating, 193 
Reflector, 180 
Refracting telescopes, 180 
Refraction 
by atmosphere, 70 
index of, 70, 155 
of light, 154-155, 192-193 
Refractor, 180 
Regolith, 65 
Regression of nodes, 56 
Regular galaxian clusters, 446 
Regular variable stars, 356 
Relative orbit, of binaries, 236 
Relativistic beaming, P-30-P-31, 
483 
Relativistic corrections, P-8 
Relativistic cosmology, 488 
Relativistic Doppler shift, 477, P-16 
Relativistic frequency, P-30 
Relativistic gas, 334 
Relativistic jets, 482 
Relativistic stars, P-21-P-22 
Relativity (Einstein’s theory of), 488 
General (GR), P-8, P-32-P-35, 
435, 488-490, 490-495 
Special (SR), P-14-P-16, 157, 489 
white dwarfs and, 336-337 
Relaxation, violent, P-13 
Relaxation time, P-12—P-13 
Resolution 
angular, 70, 156 
improvements in, 197 
in infrared range, 196-197 
Resolvable angle, minimum, 181 
Resolving power, 180 
theoretical, 181 
Resonance 
of planets, 23 
of galaxies, P-11-P-12 
Retrograde motion 
in heliocentric model, 5 
of Mars, 3, 5 


of planets, 2-3 

rotation, 23, 85 
Revolution, see Orbits; Motions 
Rhea, 125, 127 
Riemann-Christoffel tensor, P-34 
Right-hand rule, P-3, 40 
Rigid-body rotation, 278, 385 
Ring galaxies, 420 
Ringlets, of Saturn, 130 
Rings (planetary), 28 

composition of, 129-130 

of Jupiter, 125, 127 

of Neptune, 131-132, 133 

rotation of, 129 

of Saturn, 125, 127-130 

spokes in, 128, 130 

of Uranus, 110, 130-131 
Roberts, Paul, 57 
Robertson-Walker metric, P-35, 491, 

493 

Roche, Edouard, 49 
Roche limit, 48 

for comets, 48-50 

for rings, 28 
Roche lobes, 245 
Rockets 

Coriolis effect on, 39-41 

mechanics of launching, 31 
Rocks, lunar, 65-67 
Roentgen Satellite (ROSAT), 188 
Rolling terrain, of Venus, 87 
Root mean square speed, 27 
Rotation 

collapse with, 300 

differential, 101 

and Doppler shift, 80 

of Earth, 39-42, 54-56 

Faraday, 340, 408 

of galaxy, 385-390 

of Jupiter, 100-101 

of Mercury, 80-81 

of Moon, 54-55 

of Neptune, 112 

of planets, 22-23 

rigid-body, 278, 385 

of Saturn, 107 

of Sun, 217 d 

synchronous, 22, 47, 54 

of Uranus, 110 

of Venus, 85 
Rotational energy states, 165 
Rotational velocity, and luminosity, 

440-441 

Rotation curves, P-10 

of Milky Way Galaxy, 388-389 

of spiral galaxies, 430 
Rotation period 

of body, 100 

sidereal, 22 
r process, 371 
RR Lyrae stars, 353, 356 


RS Canum Venaticorum (RS CVn) 
stars, 356, 358-359 

Russell, Henry Norris, 259 

Rutherford, Sir Ernest, 159-160 

Rydberg constant, 161 


SO galaxies, 419 
Sagittarius A, 274, 401-402 
Saha, Meghnad N,., 167 
Saha’s equation, 167-169, 254 
Sandage, Allan, 416 
Saros cycle, 56 
Satellites, see also Moons 
artificial, 31-32 
Coriolis effect on, 39-41 
of Jupiter, 120-125 
natural, 27-28, 54 
shepard, 129, 131 
sizes of, 54 
Saturn 
atmosphere of, 108 
aurora of, 107 
interior of, 109 
magnetic field of, 109 
moons of, 125, 127, 128 
orbit of, 106-107 
physical characteristics of, 
107-109 
rings of, 28, 125, 127-130 
rotation of, 107 
similarities with Jupiter of, 107, 
108 
ultraviolet photography of, 107 
Scalar invariance, P-15 
Scalars, P-3 
Scale factor, P-35 
Scale height, 68 
Scarps, on Mercury, 82, 83 
Scattering, P-28 
of electrons, 312 
of light, 69-70 
Rayleigh, P-28 
selective, 285 
Schechter, Paul, 450 
Schmidt, Martin, 476 
Schmidt telescope, 195 
Schwarzschild, Karl, 346, 327 
Schwarzschild radius, 346, 327 
Scintillation counters, 188 
Seasons, of Earth, 38-39 
Secchi, Angelo, 255 
Second, ephemeris, 37 
Secondary atmosphere, 67 
Secondary crater, 62 
Secondary eclipse, 243 
Second contact, in eclipsing bina- 
ries, 244 
Second dredge-up, 321, 329 
Second law 
Kepler’s, P-2, 8, 15-16 
Newton’s, P-3, 11, 12 


Second time derivatives, P-3 
Seeing, 181 
Segmented mirrors, 197 
Seismic waves, in Earth, 57, 58 
Seismology, 57 
Selective scattering, 285 
Semidetached binary systems, 245 
Semimajor axis, P-7, 8 
Semiminor axis, 8 
Separation, apparent angular, 236 
Series limit, 164 
Seyfert, Carl, 467 
Seyfert galaxies, 467-469 
model for, 483--485 
spectra of, 469 
Sgr A, 401 
high-resolution map of, 402 
radio sources of, 402 
Shapley, Harlow, 277, 434, 453 
Sharp metallic lines, 479 
Shells (of electrons), 161, 164 
Shells (of stars), 359 
and Newton’s first theorem, P-9 
of Nova Persei, 366 
pressure force on, P-20 
of supernova, 298 
Shell stars, 360 
Shepard satellites, 129, 131 
Shield volcanoes, 87 
on Mars, 95 
on Venus, 87 
Shoemaker-Levy 9, comet, 138-139 
Short-period comets, 29 
Sidereal day, 37 
Sidereal month, 54 
Sidereal period, 5, 22, 54-55 
Sidereal time, 36 
Sidereal year, 38 
Signal-to-noise ratio, 192 
Single-line spectroscopic binary 
systems, 239 
Singularity, 345 
Sirius, motions of, 237 
Sirius B, 335 . 
Slipher, V. M., 434 
Small Magellanic Cloud, 433 
SN 1987A, see Supernova 1987A 
Snell’s law, 155, 192 
SNR, see Supernova remnant 
Soil, lunar, 65—67 
Solar activity, 215 
manifestations of, 215-222 
summary of, 214 
Solar antapex, 383 
Solar apex, 383 
Solar constant, 232 
Solar cosmic rays, 219, 220 
Solar cycle, 215-217, 221-222 
Solar day, 37 
mean, 37 
on Mercury, 81 


Solar dynamo, model of, 221 
Solar eclipse, 56 
Solar energy, 39 
Solar flares, 214, 218, 357—358 
model of, 220-221 
optical manifestations of, 220 
Solar insulation, 39 
Solar luminosity, 232 
Solar-mass stars 
birth of, 305-306 
evolution of, 320-322 
Solar Max satellite, 219 
Solar motion, 225, 383; see also Sun, 
motions of 
Solar nebula, 143-144 
Solar neutrinos, P-25-—P-26, 316 
Solar oscillations, 201, 203 
Solar spectrum, 255 
Solar System, 20 
asteroids of, 132-135 
chemistry of, 144-145 
dust in, 142-143 
formation of, 143-148 
heliocentric model of, 4-7, 42-44 
historical basis of, 4—7 
mechanics of, 30-33, 143-144 
moons and rings of, 118-132 
orbits in, P-2—P-3 
structure of, 143 
Solar time 
apparent, 36 
mean, 37 
Solar vibrations, 201, 203 
Solar wind, 201, 213 
composition of, 213-214 
effect on comets, 135, 136 
effect on dust, 142 
effect on Venus, 90 
and Sun's magnetic fields, 214 
Solid angle, 158 
Solid inner core, 57 
Solstice 
summer, 38 
winter, 38-39 
Source function, 174 
Southern Hemisphere, of Mars, 95, 
96 
South polar region, of Moon, 65 
Space astronomy, 187-188 
Space telescopes, 89, 106, 116, 
138-139, 187-189 
Spacetime, P-14, 489 
around black hole, 346-348 
curvature of, P-34, P-39, 490 
diagram of, 347 
Spacetime interval, P-15 
Space travel, least-energy orbits in, 
32 
Space velocity, 382 
Spallation, 407 
Spatial derivatives, P-4—P-5 
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Special relativity (SR), P-14-P-16, 
157, 489 
Speckle interferometry, 247-248 
Spectra (spectrum), 152, 192 
of atoms, 164 
of binary systems, 236, 239 
of BL Lac objects, 470 
of chromosphere, 207-208 
of cosmic background radiation, 
496 
detection of, 192 
electromagnetic, 154, 155 
of emission lines, 163 
Fraunhofer absorption, 206-207 
of galaxies, 422-425 
high-dispersion, 255 
of ions, 164 
of molecules, 164-165 
of novae, 363 
order of, 193 
of Orion Nebula, 175 
of quasars, 478-479 
of Seyfert galaxies, 469 
of stars, 255-259 
of Sun, 255 
thermal continuous, 170 
Spectral classification system, Har- 
vard, 255-256, 257 
Spectral lines 
broadening of, 169-170 
equivalent width of, 253 
formation of, 253--254 
intensities of, 166-169 
profiles of, 166, 253 
sequence of, 255-257 
from Sun, 206--207 
Spectral types, 255, 260 
Spectrographs, 255 
grating, 193-194 
observing with, 193-195 
Spectrometer, 255 
Spectrophotometry, 195, 258 
Spectroscopic binary systems, 236, 
239 
Spectroscopic parallax, 266-267 
Spectroscopy, 192-195 
multi-slit, 195 
prism, 192-193 
Spectrum, see Spectra 
Spectrum binary systems, 236, 239 
Spectrum variables, 265 
Speed, 10, see also Velocity 
Doppler shift and, 380 
injection, 31 
of meteor, 140 
most probable (in gas), 26 
radial, 380 
root mean square (in gas), 27 
tangential, 382 
Spheroid, oblate, 42 
Spicules, 208, 209 
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Spin-orbit coupling, 23 
Spin-orbit resonance, of Mercury, 
80, 81 
Spiral arms 
21-cm data for, 393-395 
and density waves, 405-407, 428 
and galactic magnetic field, 409 
of Galaxy, 279, 280, 281, 399 
and spiral tracers, 398-399 
structure of, 393, 405-407 
Spiral galaxies, 415, 416-419, 421 
barred, 416, 418 
model of, P-10—P-11 
ordinary, 416, 417 
rotation curves of, 430 
Seyfert type, 467-469 
structure of, 405-407 
Spiral tracers, spiral arms and, 
398-399 
Spitzer, Jr, Lyman, 188 
Spontaneous radiative process, 
P-29 
Spontaneous transition, 166 
Spring tides, 47 
Ss process, 371 
SR, see Special relativity 
S stars, 266 
Standard magnitudes, 228 
Standard time, 37 
Starburst galaxies, 467 
Star clouds, 272 
in Sagittarius, 274 
Star clusters, 260 
Stark effect, 170 
Starlight 
aberration of, 43 
extinction of, 275 
polarization of, 287 
reddening of, 285-286 
Stars, see also Sun; Stellar popula- 
tions 
atmospheres of, 251-255, see also 
Stellar atmospheres 
binary systems of, 235-248 
birth of, 301-305, 305-306, 
318-320 
carbon, 265-266 
clusters of, see Clusters; Moving 
clusters 
collapse of, P-22—P-23, 299-300 
counting of, 275-277 
determining distances to, 
224-227 
diameters of, 246-248 
distribution of, 274-277, 397-404 
elements synthesized in, 314, 326 
energy generation in, 313-317, 
328 
evolution of, 318-326, 332-349, 
352 
flare, 356-358 


formation of, P-22—P-23, 271, 
299-307 
gravitational contraction of, 
313-314 
high-velocity, 390 
hot emission line, 265, 361-362 
of low mass, 324 
luminosity of, 173, 226, 227, 232, 
260-264, 276-277 
luminous, 277 
magnetic fields of, 300-301 
magnitudes of, 227-232, 276 
masses of, 236-239, 320-324, 332 
massive, 301-305, 323-324 
models of, 310-311 
motions of, 380-382, see also Stel- 
lar motions 
nearest, 44, 225 
neutron, 338 
nonrelativistic, P-21—P-22 
nuclear reactions in, P-23, 
314-317, 328 
parallax of, 224-225 
photospheres of, 251-252 
physical laws of, 310-318 
populations of, see Stellar popu- 
lations 
pulsating, 352, 353-356 
relativistic, P-21—P-22 
RR Lyrae, 356 
RS Canum Venaticorum, 356-357 
size of, 299 
solar mass, 305-306 
spectra of, 255-259 
Sun as model for, 200-222 
T Tauri, 356-357, 357 
variable, 352-353 
velocity of, 388-389 
Wolf-Rayet, 265, 324, 361-362 
Statistical masses, 242 
Statistical parallaxes, 225 
Statistical weight function, 167 
Stefan-Boltzmann law, 173, 202 
Stefan’s law, 25 
Stellar atmospheres 
extended, 359-363 
model of, 359-360 
physical characteristics of, 
251-252 
temperatures of, 252-253 
transfer equation applied to, 
174-175 
Stellar clusters, see Clusters; Mov- 
ing clusters 
Stellar corpses, 332 
Stellar evolution, 318-326, 352 
chemical composition and, 
324-326 
death of stars, 332-349 
solar mass and, 320-323 
Stellar flares 


from dwarf M star, 358 
from RS CVn system, 359 
Stellar interferometer, 247 
Stellar luminosity, 226, 238-239, 
430, 260-264, see also Lumi- 
nosity 
Stellar magnitude scale, 226-227 
Stellar mass 
in binary systems, 236-239 
luminosity and, 238-239, 430 
Stellar models, theoretical, 317-318 
Stellar motions 
apparent orbits, 43 
of clusters, 383-385 
components of, 380-382 
frames of reference for, 382-383 
in galactic plane, 390 
Stellar nucleosynthesis, 505 
Stellar parallax, 43-44 
Stellar populations, 277-278 
galactic disk, 399-401 
halo, 400 
and metal abundances, 260, 
397-398 
Population I, 260, 278, 281, 398, 
399, 420 
Population II, 260, 278, 400 
Population III, 504-505, 511, 514 
traditional, 398 
Stellar spectra, 255-259 
Stellar wind, 323 
from red giants, 332-333 
Steradian, 158 
Stimulated emission, 297 
of photons, P-29 
Stony iron meteorites, 140 
Stony meteorites, 140 
Storms, on Mars, 93 
Stratosphere, 67 
Stress-energy tensor, 492 
Stromgren sphere, 291 
Strong nuclear forces, 507 
Structure, of galaxy, 405-407 
S-type asteroids, 134, 146 
Subatomic particles, 315, see also 
Particles 
classification of, P-17—P-18 
and largest structures in Uni- 
verse, 503 
mass of, 507 
physics of, 507-508 
statistical properties of, P-29- 
P-30 
Subshells, 164 
Subsolar temperature, 25 
Summer solstice, 38 
Sun 
activity of, 211, 214, 215-222 
central pressure of, 311 
central temperature of, 312 
chromosphere of, 207-210 


convective zone in, 312 
corona of, 210 
energy source of, P-24 
heliocentric model for, 4 
internal state of, P-23 
interplanetary gas from, 142-143 
line emissions of, 206 
luminosity of, 232, 313, 358 
magnetic fields of, 208, 212-214, 
217 
mean, 37 
motions of, 217, 281, 383 
occulted by moon, 1 
photosphere of, 201-207 
planets orbiting, 8, 20-23, 42-44 
properties of, 201 
structure of, 200-201, 202 
tidal forces from comets on, 
49-50 
transition region of, 208-209 
Sungrazing comets, 50 
Sunlight, reflected, 25 
Sunspots, 201, 215-216 
cycles of, 216 
maximum, 210 
minimum, 211 
numbers of, 216 
polarity of, 217 
positional variation in, 216-217 
and Sun’s magnetic fields, 217 
Superclusters, 452 
discovery of, 452-458 
external, 454 
filaments of, 453, 454 
x-rays from, 461 
Supergiants 
blue, 372, 375 
interstellar grains from, 289 
mass loss from, 361 
surface gravity of, 264 
Superior conjunction, 4 
Superior planets, 4, 5 
Superluminal motions, 481-483 
Supernova 1987A, 372-374 
Supernovae, 367-369 
cosmic rays from, 408 
distances to, 440 
light curves of, 367, 373 
light echoes of, 373 
nucleosynthesis in, 371-372 
and pulsars, 342-345 
shells of, 298 
triple rings of, 151 
Type Ia, 440 
Supernova remnant (SNR), 
292-293, 369 
Crab Nebula as, 369 
optical images of, 293 
Tycho’s, 293 
Superwind, 322 
Surface (planetary) 24-26, 76 


of Callisto, 126 

of Earth, 59-61 

of Europa, 123 

evolution of terrestrial planets, 

85, 90-91, 96 

of Ganymede, 124, 125 

of Halley’s Comet, 137 

of Mars, 92-96 

of Mercury, 82-83 

temperature of, 24 

of Triton, 132 

of Venus, 87-90 
Surface brightness fluctuations, 442 
Surface gravity 

effect of, 263 

of supergiants, 264 
S-waves, 57 
Symmetry axis, P-11 
Synchronous rotation, 22, 47, 54 
Synchrotron radiation, P-29, 

P-30-P-31, 106, 369 

from active galaxies, 466 
Synodic month, 54 
Synodic period, 5, 54-55 
Sytris Major, 92 


Tails, of comets, 135 
Tangential speed, 382 
Taylor, Joseph, 342 
Telescopes 
gamma ray, 188 
grazing incidence, 188 
large ground-based, 182 
new generation of, 196-197 
optical, 179-183, 196-197 
radio, 185 
reflecting, 180 
refracting, 180 
in space, 89, 106, 116, 138-139, 
187-189 
X-ray, 188, 374 
Television cameras, in astronomy, 
191 
Temperature 
absorption lines and, 258 
atmosphere’s effect on, 69 
of chromosphere, 204, 207 
of corona, 207 
of Earth, 39, 58 
effective, 232, 246-248 
of photosphere, 202-204 
Planck’s curves for, 172 
of planets, 112-113, 145 
and spectral sequence, 169-173, 
256-259 
of stellar atmospheres, 252-253 
subsolar, 25-26 
of Sun’s center, 312 
surface, 24 
types of, 173 
Tensors, P-32—P-33 
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equation of, 491 
metric, P-33 
Riemann-Christoffel, P-34 
stress-energy, 492 
Terminator, 61 
Terrain, rolling, 87 
Terrestrial planets, 20, 100 
atmospheres of, 26 
comparative planetology of, 79, 
96-97 
craters on, 97 
evolution of, 76, 85, 90-91, 96-97 
interiors of, 23-24 
surfaces of, 92-96, 82-83, 87-90 
Terrestrial time systems, 35-38 
Tethys, 125, 127 
Tharsis, 92 
Theia Mons, 89 
Theoretical resolving power, 181 
Thermal bremsstrahlung, 292 
Thermal continuous spectrum, 170 
Thermal Doppler broadening, 
169-170 
Thermal equilibrium, 166, 313, 317 
Thermal inertias, of mirrors, 197 
Thermal processes, P-28 
Thermal pulses, 322 
Thermodynamic equilibrium, 173, 
251 
Thermonuclear fusion reactions, in 
stars, 314-317, 328 
Thermosphere, 67 
Thick disk, of Galaxy, 400 
Thin disk, of Galaxy, 400 
Thin meniscus mirrors, 197 
Third contact, in eclipsing binaries, 
244 
Third law 
Kepler’s, P-2, 8, 16, 30-31, 47, 
236, 238, 279 
Newton’s, P-3, 12, 13 
Third quarter (of moon), 55, 62 
Thomson mechanism, P-28 
Thrust faults, of Mercury, 83 
Tidal acceleration, differential, 45 
Tidal bulges, 47 
Tidal evolution, 47 
Tidal forces 
between galaxies, 452 
of comets, 49-50 
on Earth, 45-47 
Tidal friction, 47 
Tides, 45, 47 
Tifft, W., 512 
Time 
apparent solar, 36 
coordinated universal, 37 
daylight savings, 37 
Earth systems of, 35-38 
ephemeris, 37 
equation of, 37 
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Time (Cont.) 
Greenwich mean, 37 
mean solar, 37 
proper, P-15 
sidereal, 36 
standard, 37 
units of, 35 
zones of, 37 
Time-delayed components, of radar 
pulses, 80 
Time derivatives, P-3, P-4 
Time dilation, P-14, P-15 
Time exposures, 190 
Titan, 127 
atmosphere of, 27, 127 
photo of, 128 
resonances of, P-12 
Top-down model, of galaxian for- 
mation, 510 
Top quark, 508 
Toroidal field, 221, 222 
Torque, 15, 48 
Total eclipse, 243 
lunar, 56, 57 
solar, 56 
Total energy, P-5, 17, 160 
Total energy flux, 172 
Total linear momentum, conserva- 
tion of, 12 
Trajectory, of projectiles, 39-41 
Transfer equation, 173-176 
applied to gaseous nebulae, 
175-176 
applied to stellar atmospheres, 
174-175 
applied to Sun, 203 
forbidden 
Transitions, 160 
electronic, 165 
forbidden, 163, 362 
molecular, 165 
spontaneous, 166 
Transmission filter, 228 
Transverse waves, 57, 153 
Trapezium region (of Orion Neb- 
ula), 302, 303 
Traveling waves, 153 
Trigonometric parallax, 224, 225 
Triple-alpha process, 316-317, 322 
Triton, 131-132 
surface of, 132 
Voyager image of, 132 
Trojan group (of asteroids), 28 
Tropical year, 38 
Tropic of Cancer, 38 
Tropic of Capricorn, 39 
Tropopause, 67 
Troposphere, 67 
True anomaly, 8 
True orbit, of binaries, 236 
Trumpler, Robert J., 275 


T-Tauri stars, 305, 356-357, 357, 398 
on H-R diagram, 357 

Tully-Fisher relationship, 440-441 

Tully, R. Brent, 440, 454 

Tuning fork diagram, 415 

Turnoff (from main sequence), 326 

Twinkling, of starlight, 70 

Two-body problem, P-2, P-6-P-7 

Two-point correlation function, 456 

Tycho crater, 63 

Type I supernovae, 367—369 

Type Ia supernovae, 440 

Type II supernovae, 367-368 


UBV filters, 228 
UBV system, 228-229 
Ultraviolet astronomy, 187-188 
Ultraviolet photography 
of Saturn, 107 
of Venus, 85, 87 
Ultraviolet radiation 
detection of, 183 
extreme lines, 212 
wavelengths of, 154, 155 
Umbra, 215 
Umbriel, 130 
Unit vectors, P-3 
Universal gravitation 
in interpreting Kepler’s laws, 
14-18 
Newton’s law of, P-3, 12-14 
Universal time, coordinated, 37 
Universe, see also Cosmology 
age of, 434-436 
birth of, 505, 512-513, 514 
cooling of, 505, 509 
at critical density, 504 
curvature of, P-37—P-39 
distances in, 434, 437-443 
evolution of, 462, 509, 512-513, 
514 
expansion of, 435--437, 505 
flatness of, 504, 508 
inflation theory of, 503, 508-509 
large scale of, 434, 437-443, 446, 
503, 510 
matter era of, 497-498 
models of, 490, 491, 494, 504-505, 
508-509 
physical properties of, 495 
radiation era of, 497-498 
structure of, 446-462, 510 
thermal history of, P-36—P-37, 
509, 512-513 
Upland plateaus, 87 
Upper transit, 35 
Uranus 
atmosphere of, 111 
discovery of, 109 
equatorial inclination of, 23 
interior of, 111 


magnetic field of, 111 

moons of, 110, 130-131 

motions of, 110 

physical characteristics of, 
110-112 

rings of, 110, 130-131 

similarities with Neptune of, 
112 


Vacuum, energy density of, 493 
Valence electrons, 164 
Valhalla basin, 124, 126 
Valles Marineris, 92, 93, 94 
Van Allen radiation belts, 72-73 
Variable stars, 352 
Cepheid, 352, 353--356, 433-434 
eruptive, 352, 363-364 
on H-R diagram, 353 
intrinsic, 352 
long-period red, 356 
magnetic, 356-357, 358 
nomenclature of, 352-353 
nonpulsating, 356-357 
Vectors, P-3 
contravariant, P-33 
covariant, P-33 
dot product in, 17 
radius, 8 
of wave, P-29 
Vela pulsar, 345 
Velocity, P-4, see also Speed 
addition of, P-15-P-16 
circular, P-10 
escape, P-9-P-10 
of gas particles, 26 
of hydrogen clouds, 397 
in Newton’s laws, 11, 12-13 
orbital, 16-17 
radial, 194 
space, 382 
of stars, 388-389 
Velocity curves, 240 
for binary systems, 239-242 
for elliptical orbits, 241 
radial, 353, 354 
Velocity field, local, 459 
Venera, 86, 89 
Venus 
atmosphere of, 86-87 
central pressure of, 86 
equatorial inclination of, 23 
evolution of, 90-91 
interior of, 85, 86 
magnetic field of, 89-90 
maps of, 88 
physical characteristics of, 85-87 
rotation of, 85 
similarities with Earth of, 89 
solar wind effects on, 90 
surface of, 87-90 
Vernal equinox, 36, 38 


Very-high-velocity clouds 
(VHVCs), 397 
Very large array (VLA), 186 
Very large baseline array (VLBA), 
187 
Very long baseline interferometry 
(VLBI), 186-187 
Vibrational energy states, 165 
Viking, 91, 93, 94 
landing site on Mars, 94 
Violent relaxation, P-13 
Virgo cluster, 454 
Virial theorem, P-12, 314, 406 
applied to galaxian clusters, 
461-462 
applied to galaxies, 429 
Visible corona, 210-211 
Visible light, 152-155 
atmosphere’s effect on, 69-70 
imaging of galaxie with, 414-415, 
422-425 
spectrum of, 422-425 
wavelengths of, 154, 155 
Visual binary systems, 235, 237, 236 
Visual magnitude, 227, 232, 260 
Voids, 454 
Bootes, 454 
nature of, 456, 459-460 
Volcanoes 
of Io, 120-121 
of Mars, 95 
shield, 87, 95 
of Venus, 87, 88 
Volts, electron, 72, 162 
Volume, and redshift, P-38 
Von Jolly, Phillip, 14 
Voyager 
Jupiter results from, 101, 106, 125 
Neptune results from, 113, 132 
Saturn results from, 108, 127-128 
Uranus results from, 110-112, 131 


Waning crescent, 55 
Waning gibbous, 55 
Water 

on Callisto, 124 

on Ganymede, 122, 124 

on Mars, 92, 94 


Waves, 152, see also Radio waves 
electromagnetic, 153-154 
longitudinal, 153 
transverse, 153 
traveling, 153 

Wavelengths, 153 
atmosphere’s effect on, 68-70 
in binary systems, 239 
color index and, 229-231 
Doppler effect on, 44 
of electromagnetic spectrum, 154, 

155 
magnitude and, 227-232 
of radio waves, 185, 292, 393 

Wave number, P-29, 161 

Wave vector, P-29 

Waxing crescent, 55 

Waxing gibbous, 55 

WC stars, 265 

Weakly interacting massive parti- 

cles (WIMPs), 510 

Weak nuclear forces, 507 

Wedge diagrams, 454, 455, 

456 

Weedman, Daniel, 468 

Week, 37-38 

Weight, 13 

Western elongation, 4 

Weymann, R. J., 478 

White dwarfs, 324, 332 
magnetic, 337-338 
observations of, 335-336 
physical properties of, 

333-335 
and relativity, 336-337 

White holes, 347 

White spot, of Saturn, 108 

Wide Field Planetary Camera 

(WFPC-2), 189 

Widmanstatten figures, 141 

Wien distribution, 171 

Wien’s displacement law, 25, 

172-173 

Wien, Wilhelm, 172 

Wildt, Rupert, 93 

Wilson, Robert, 495 

WIMPs, see Weakly interacting 

massive particles 
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Winds 
pattern on Earth, 41 
of Uranus, 111 
Wind-up problem, 279 
Winter solstice, 38-39 
WN stars, 265 
Wolf-Rayet (WR) stars, 265, 324, 
361-362 
Work, P-5 
World lines, P-34 
World models, 494 


X-ray bursts 
H-R diagrams of, 267 
of solar flares, 220 
stellar sources of, 376-377 
X-ray emissions 
from Crab Nebula pulsar, 
344 
from Cygnus X-1, 375-376 
from galactic center, 403 
from Galaxy M87, 471-472 
from normal galaxies, 426-427 
jets of, 475 
stellar sources of, 374-377 
from superclusters, 461 
X-ray pulsars, 374, 376 
X-ray telescopes, 188, 374 


Year, 38 
anomalistic, 38 
sidereal, 38 
tropical, 38 
Young stellar objects (YSOs), 299, 
306, 357 


ZAMS, see Zero-age main sequence 
stars 

Zeeman effect, 170 

Zeeman, Pieter, 170 

Zenith angle, 230 

Zero-age main sequence (ZAMS) 
stars, 320, 324 

Zodiac, 2-3 

Zodiacal light, 30, 142, 210 

Zone of Avoidance, 460 

Zwicky, Fritz, 453 


Twin Peaks on Mars 

The view of the “Twin Peaks” seen from the Sagan 
Memonial Station of the Mars Pathfinder mission. The 
hill on the left has a smooth apron; the one on the right 
has horizontal bands running through it. The unde- 


ployed rover Sojourner appears in the foreground. 
(NASA/JPL) ‘ 


